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0 — continued. 


OILS (FATTY) AND FATS. The] 
materials to be considered arc the natural fats 1 
produced in the vegetable and animal kingdoms, 
especially those which find important use in the 
production of edible fats, soaps, or other 
detergents, paints and varnishes, and in some 
other industries. The discussion is therefore 
broadly confined to the natural glycerides 
(esters of higher fatty acids with glycerol) which 
form the overwhelming bulk of the industrially 
useful fats. Other forms of fatty-acid deriva¬ 
tives are found in nature and may accompany 
the glyceridic fats. Such forms include i)hos- 
phatides, in wliich a glycerol molecule is com¬ 
bined with two higher fatty-acid radicals, the 
remaining glyceryl ^droxyl group being united 
to phosphoric acid which in turn is linked with 
a nitrogenous base (chlorine or ^-aminoethyl 
alcohol); wax esters, which are esters of higher 
fatty acids with some of the corresponding 
higher fatty alcohols, or with sterols (or vitamin- 
A)y or (in a few instances) with a glyceryl higher 
acyl ether (batyl, selachyl, chimyl alcohols); and 
some other more complex substances such as 
sphingomyelin (cerobrosides, etc.). Although 
in most cases glyceridic fats (mixtures of mixed 
triglycerides, to which the term Jats will bo 
restricted throughout this article) are sub¬ 
stantially the only lipid substances present in 
the materials here dealt with, a rigid line of 
demarcation cannot be drawn. In particular, 
some of the natural fats are accompanied by 
waxes of the ester type mentioned. This is 
notably the case in the sperm-whale oils and a 
few other fats of marine origin; whilst the small 
amounts of sterols which usually accompany 
natural fats, and of batyl, etc., alcohols which 
are sometimes present, frequently occur in the 
form of higher fatty esters in the natural state. 
These sterols and other alcohols, which are 
usually termed “ imsaponifiable constituents,” 
are thus mainly present in the form of wax 
esters (or ester-waxes). Ester-waxes in which 
glycerides are not present, such as the insect 
waxes (e.^., beeswax) and vegetable w^axes 
(c.jy., earaauba wax), are mainly esters of ali¬ 
phatic aloohola and acids of higher molecular 
weight than l^ose present in the glyceridic fats; 
they are outride tlwj scope of this article. 

VoL. 


Consideration of the natural fats (triglycerides) 
is thus complicated to a certain extent by the 
eircu instance that they are frequently ac¬ 
companied by some of the other lipid groups, 
usually in very small proportions, but occasion¬ 
ally in larger amounts. It has been complicated 
further until recently by the terminology applied 
to the glyceridic fats themselves. Originally, 
only those natural fats which happened to be 
solid at the usual temperatures were referred to 
as fats: those liquid at the usual temperatures 
were first termed “ fixed oils,” to distinguish 
them as a class from the volatile or essential oils 
(terpene derivatives, etc.) also found in the 
vegetable kingdom. Even later, the liquid fata 
have been usuafiy termed oils, or fatty oils, and 
the usage in the case of well-known specific fats 
such as linseod oil or cottonseed oil has become 
so conventional that it must remain. Neverthe¬ 
less it is desirable for systematic purposes to 
classify the entire group as “ fats,” distinguish¬ 
ing solely, if desired, between solid fats and 
liquid fats (the “ fatty oils ”). 

GENERAL NATURE OF NATURAL 
' FATS. 

Natural fats occur throughout the vegetable 
and animal kingdoms from the simplest 
organisms up to the most highly developed forms 
of vegetable and animal life, and are present in 
almost all tissues and organs. In the vegetable 
kingdom, fats are deposited in largest amounts 
in the seeds, usually in the endosperm where, 
with proteins and carbohydrates (starch), they 
serve as nourishment to the embryo. In some 
instances the fleshy fruit-coat (pericarp or 
receptacle) of the seed also contains notable 
proportions of fat, whilst in certain plants fat 
is present in some quantity in the tubers or 
rhizomes. In small proportions, it should be 
noted in passing, fats are found in all parts of 
the growing plant, roots, leaves, and fruits, but 
in most instances it is only in the seed that any 
high concentration of fat is observed. In animals, 
fats are usually stored in quantity in certain 
I tissues, notably beneath the skin and around 
or in some of the intestinal organs. The kidneys 
are normally surrounded by a layer of fat, and 
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in some animals (mainly fish) the liver serves as 
a fat-store as well as being, in all animals, the 
probable main site \vhere fats are synthesised 
and elaborated by the animal. Fats also occur, 
but often only in minor proportions, in most of 
of the organs and tissues of animals. Finally, 
in mammals, the milk fats are important mem¬ 
bers of the group which may differ character¬ 
istically in composition from the rest of the 
animal fats. 

From the technological standpoint, the fats 
of most interest are naturally those available 
in greatest quantity and concentration in the 
respective natural organisms. In the vegetable 
kingdom, therefore, it is the seed fats and a 
few fruit-coat fats which are t)f cliief value, 
especially seed endosperms which are rich in fat 
and contain, e.g'., from 25 to 50% of fatty matter. 
In the animal kingdom, similarly, the main 
storage or depot fats are those of greatest in¬ 
dustrial value—th(? adipose tissue fats from the 
back or rump of domestic animals such as the 
pig or ox, the blubber of whales, the perinej)hric 
fat surrounding the kidneys (lard, suet), and in 
fishes either flesh fats herring) or liver fats 
(«.</., cod). To those must bo added, as already 
mentioned, the mammalian milk fats (especially 
butter fat from the cow) on account of their j 
dietetic importance. 

Methods of Investigation of the 
Components of Natokal Fats. 

Natural fats are essentially mixtures of mixed 
triglycerides and resolution into their com¬ 
ponent glycerides by physical means is usually 
impracticable. A typical animal body fat, for 
example, may consist of largo proportions of 
palmitodiolein and oleopalmitostcarin, with 
lesser quantities of such mixed glycerides as 
oleodistearin, oleodipalmitin, palmitodistearin, 
dipalmitostcarin, and triolein. The solubilities 
of many of these components are too similar to 
I)erniit of any adequate resolution by crystal¬ 
lisation. Nevertheless, as shown below, other 
methods have been utilised whereby an approxi¬ 
mate knowledge of the constituent mixed 
glycerides can be obtained, at events when 
the mixture of fatty acids present in the whole 
fat is not too complex. 

Component Fatty Acids.—Whilst the deter¬ 
mination of the component glycerides of a fat 
is a difficult and laborious undertaking, that of 
the component fatty acids (Le., the mixture of 
fatty acids present in combination as glycerides 
and obtained by quantitative hydrolysis of the 
fat) can be effected with considerable accuracy, 
although here also the procedure is lengthy. 
The method hitherto usually employed has been 
first to separate the mixed fatty acids from a 
fat into two groups—those the lead salts of 
which are insoluble in 96% alcohol, and those 
the lead salts of which are soluble in this 
medium. (In the special case of milk fats, 
which may contain butyric, hexanoic, and 
octanoic acids, these are removed as far as 
possible by distillation of the mixed fatty acids 
in a current of steam before carrying out the 
lead-salt separation, the steam-volatile acids 
being recovered and dealt with separately by 
fractional distillation.) The lead salts of 


palmitic, stearic, and higher saturated fatty 
acids are insoluble in alcohol, those of myristic, 
lauric, decanoic, and octanoic sparingly (but 
increasingly) soluble, whilst of the unsaturated 
acids only the mono-ethenoid acids of the C 2 o» 
Cggj and C 24 series, and to a minor extent oleic 
acid (together with “ iso ’’-acids from hydro¬ 
genated fats) form lead salts sparingly soluble 
in alcohol. On the other side, monoethenoid 
acids of the series or lower homologucs and 
all natural polyethenoid acids yield lead salts 
which are freely soluble in alcohol, whilst, ns 
stated, lead oleate is largely soluble. Conse¬ 
quently this pfeliminary separation gives (i) one 
group of fatty acids in which nearly all the 
palmitic and all the higher saturated acids arc 
present, with part of any myristic or lower 
saturated acitls, a small proportion of oleic and 
most of any higher monoethenoid acids, and 
(ii) another group of fatty acids containing, in 
addition to small amounts of palmitiij and lower 
saturated at ids, practically all the unsaturated 
acids from tlie original fat. The lead-salt 
separation has given excellent service although 
it is nut fully efiective when the saturated acids 
form 10 % or less of the total acids in a fat, or 
when they consist largely of acids of lower mole¬ 
cular weight than myristic or palmitic. Further¬ 
more, the conversion of the more unsaturated 
acids into salts and then bac k to free acids offers 
opportunities for oxidation or other chemical 
changes which are better avoided, c.g., by the 
use of physical rather than chemical methods of 
separation. 

8 uch a physical method, rapidly coming into 
use, is the resolution of a mixture of fatty acids 
into several groups (in which, respectively, 
saturated, monoethenoid, or polyethenoid acids 
will be largely concentrated) by crystallising it 
systematically from appropriate solvents over a 
range of temperatures, usually between —(> 0 '^ and 
0 °. Acetone is probably the best general solvent, 
although ether and Light petroleum are preferred 
in specific instances. Crystallisation at —50° to 
—60° leaves in solution linolenic, linoleic, and 
other polyethenoid acids with minor amounts 
of oleic and saturated- acids; a temperature of 
—30° serves as a rule to give fair separation of 
saturated from oleic and linoleic acids. The 
best conditions for different mixtures of fatty 
acids obtained from natural fats must be selected 
according to the general nature of the mixture 
and, where necessary, after preliminary trials 
have been made (c/. Foreman and Brown, Oil 
and iSoap, 1944,21, 183; Hilditch and Kiley, 
J. 8 .C.I. 1946, 64, 204; 1946, 65, 74; Gunstone 
and Hilditch, ibid, 1946, 65, 8 ). 

The saturated, oleic, linoleic, linolenic, and 
elaeostearic acid contents of each group of 
acids thus obtained by low-temperature crystal¬ 
lisation from fatty oils containing one or more 
of these polyethenoid acids can be determined 
from (i) the extinction coefficient at 

268 m/Lt. (elaeostearic) and (ii) the extinction 
coefficients of bands at 268 m/u. (linolenic) and 
234 m/i. (linoleic) due to conjugated tri- or di- 
ethenoid acids produced by isomeric change 
when linolenic and linoleic acids are heated 
under standardised conditions with alkali 
(Mitchell, Kraybill, and Zscheile, Ind. Eng. 
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Chem. [Anal.], 1943, 16, 1; Boaclle and Kray- 
bill, J. Amer. Chem. Soc. 1944, 66, 1232; 
Hilditch, Morton, and Kiley, Analyst, 1945, 70, 
()8 ; Gunstone and Hilditch, Hilditch and Riley, 
/.c.). 

Each group of acids is converted into methyl 
esters and the latter are distilled at low pressure 
(0-2-1 mrn.) through a fractionating column. 
Longenecker (J.S.C.l. 1937, 56, 199T), has 
described a suitable type of electrically-heated 
and packed column. The distillations can be so 
adjusted that, within very narrow limits, no 
resulting fraction will contain more than two 
saturated esters, or more than two homologous 
groups of unsaturated esters. From the mean 
molecular weight (saponification equivalent) 
and the mean unsaturation (iodine value) of 
each fraction its composition can in general be 
deduced, and therefrom the component acids 
present in each group of acids, and ultimately, 
the proportions of the component fatty acids 
present in the original fat, (For fuller details 
of the procedure, cf. T. P. Hilditch, “ The 
Chemical Constitution of Natural Fats,” Chap¬ 
man and Hall, Ltd., 1947, Chapter XI.) 

It should be observed that the above methods 
are intended to define the fats in terms of their 
ultimate chemical composition. For rapid 
evaluation of fats there exist an increasing 
number of specific determinations {e.g.y saponifi¬ 
cation value, acid value, iodine value, thio- 
cyanogen value, acetyl value, Keicher1>-Meis8l 
and Polenske values, etc.) which serve to define 
the analytical characteristics of a fat. These 
methods, many of which are indispensable in the 
routine examination of fats in industry, and by 
the Public Analyst, form the subject of a 
separate article (Oils (Fatty) and Fats, 
TEciiNrcAL Analysis of, this V^ol., p. 52c). It 
may here be remarked that these methods, 
valuable as they are for the purposes of control, 
merely give average values for the molecular size 
(equivalent), unsaturation, content of steam- 
volatile acids, or other characteristic of the fat as 
a whole, and are therefore rarely of use by them¬ 
selves in elucidating the chemical composition of 
a fat or of its component fatty acids. For the 
latter purpose the more complete “ ester- 
fractionation ” technique is essential. 

Component Glycerides. — From about 
1895 onwards a number of investigators, not¬ 
ably Klimont, Bomer, and Amberger, attempted 
with little success to resolve a number of sofid 
natural fats by crystallisation into their in¬ 
dividual component glycerides. The general 
results of their exhaustive studies, although 
largely negative in character, served to estabhsh 
the fact, long suspected, that simple trigly¬ 
cerides (triglycerides with three radicals of the 
same fatty acids) are of quite exceptional occur¬ 
rence in natural fats and that the latter consist, 
often wholly, of mixed triglycerides. 

Quantitative study of natural fat glycerides 
only began in 1927, when Hilditch and Lea 
(J.C.S. 1927, 3106) showed that triglycerides 
containing three saturated acid components can 
be isolated from and determined in a fat by 
oxidising .it in acetone solution with potassium 
permanganate, when all unsaturated glycerides 
can be converted into acidic products of oxida¬ 


tion and subsequently removed from the un- 
attacked, neutral fully-saturated triglycerides. 
Application of this procedure to a wide range of 
solid fats established that, as a general rule, the 
proportions of fully-saturated glycerides was 
negligible until the saturated acids present in 
the fat amounted to more than 60% of the total 
fatty acids, but that thereafter the proportion 
of fully-satu rated gly^eridos rapidly increased 
in such a manner that in the mixed glycerides 
containing both saturated and unsaturated acids 
the ratio of saturated to unsaturated acids still 
remained at about 6:4. Definite exceptions to 
this generalisation were noted, however, in two 
groups of fats, (i) animal body-fats containing 
iO-30% of stearic acid, and (ii) animal milk-fats 
{v. infra). 

Subsequently it was found, by study of 
partially-hydrogen a ted fats or of the tristearin 
content of completely hydrogenated fats, that 
liquid fats, in which oleic and linoleic acids w'ere 
the chief components, contained proportions of 
tri-unsaturated glycerides which approached the 
minimum amomit possible, i.e., the unsaturated 
acids were linked in the form of mixed saturated- 
imsaturated glycerides with the saturated acids 
also present in the fat, almost as far as the 
proportion of the latter permitted. 

This earlier quantitative work on glyceride 
structure led to more precise knowledge of tlu^ 
general tendency towards formation of the 
minimum possible proportions of mixed tri¬ 
glycerides in natural fats, and also of apparent 
exceptions, as mentioned above, to this general 
behaviour in a few groups of fats. Except when 
the number of component fatty acids w^as vciy 
small (two or three), however, examination of 
the fats as a whole by the quantitative methods 
indicated above still failed to give a very com¬ 
plete picture of the component glycerides 
present. More completely quantitative state¬ 
ments of the component glycerides in a natural 
fat have been found possible by resorting to the 
method, used by the earliest investigators, of 
physical separation of the fat by crystalHsation 
from an appropriate solvent, acetone having 
been found most useful. Althougli it is very 
rarely possible to isolate individual glycerides 
from a fat by this means, it is comparatively 
easy to effect a separation into groups, usually 
of different degrees of unsaturation. Thus, 
glycerides containing throe unsaturated acid 
groups are very freely soluble in cold acetone, 
those containing two unsaturatod and one 
saturated acid group somewhat less so, whilst 
mono-unsaturated disaturated glycerides are as 
a rule but sparingly soluble, and glycerides with 
three saturated acid groups are usually almost 
insoluble in cold acetone. Thus, by a few 
systematic crystallisations of a fat, or of its 
partly-resolved components, from acetone at 
concentrations and temperatures which may be 
suitably varied, it is possible to divide it into 
four or five fractions, each of which will contain 
only two of the above groups in large propor¬ 
tions, accompanied by subordinate amounts, at 
most, of a third group. Determination of the 
component acids in each fraction, coupled where 
possible with determination of the fully- 
saturated glycerides and their component acids, 
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or of the content of tri-unsaturated glyc^crides of 
the Cjg acids (oleic, linoleic, etc.) loads in general 
to a close estimate of the main component 
glycerides in each fraction, and therefrom to a 
more or less detailed statement of the composi¬ 
tion of the original fat. 

With solid or semi-solid fats, crystallisation 
from acetone down to 0° suffices to give an 
adequate preliminary resolution of the fats. 
In the case of liquid fats such, for example, as 
olive, cottonseed, hnsced, or whale oils a 
similar separation can be made by crystallising 
from acetone and solid carbon dioxide at pro¬ 
gressively lowered temperatures down to —40° 
or —50°. In such instances the only quantita¬ 
tive determination which can be made on the 
separated fractions is that of their component 
acids, but very frequently this then suftices to 
give a good indication of the probable quantita¬ 
tive composition of the mixed glycerides in the 
original fat. 

In fats which contain only three or four major 
component acids, quantitative study by the pro¬ 
cedure outlined in the preceding paragraphs 
usually affords a definite statement of the chief 
component glycerides to within 2 or 3 units per 
cent of the true figures. Where (as, for example, 
in milk fats or fish oils) the number of com¬ 
ponent acids is much greater, it is not in general 
possible to obtain so complete a statement, but 
the proportions of the chief groups of tri¬ 
glycerides present can be determined within 
fairly well-defined limits for each group. 

Component Glycebioes and Acids in 
Natubal Fats. 

It will be evident from what has been said 
already that, from the point of view of their 
constitution, the fats may be considered in 
terms of the actual glycerides present, or merely 
from the point of view of the nature and propor¬ 
tions of the fatty acids in combination in the 
whole fats. Whilst the mode of assemblage of 
fatty acids into the component mixed glycerides 
of natural fats appears to be governed by the 
same fundamental principles throughout almost 
the entire vegetable and animal kingdom, the 
nature of the particular fatty acids present in a 
fat is largely governed by biological factors and, 
indeed, a fairly close connection can be traced 
between the component acids of many fats and 
the place of the fat-producing organism, plant 
or animal, in the scale of evolutionary develop¬ 
ment (Hilditch and Lovem, Nature, 1936, 137, 
478). 

General Features of Glyceride Structure 
In Natural Fats. —The mode of assemblage 
of fatty acids in the triglycerides of fats which 
appears to hold almost universally throughout 
nature has often been termed the “ rule of even 
distribution.” By even distribution is meant 
the spreading throughout the triglyceride mole¬ 
cules of the fatty acids in a manner which tends 
to be as uniform as possible. It should be noted I 
that this is not the same thing as random dis¬ 
tribution,” Le., distribution according to the 
mathematical theory of probability; if the 
latter theory applied, indeed, the fats would 
contain in most mstancea higher proportions 
of the simple triglycerides than are in fact 


observed. The operation of the “ oven distri¬ 
bution ” principle is perhaps most readily 
expressed in the following way. If any one 
acid forms one-third or more of the component 
acids of a natural fat, that acid will occur at 
least once in nearly all the triglyceride mole¬ 
cules ; if it forms, for example, from 60-70% 
of the total acids, very many of the component 
triglyceride molecules will contain two radicals 
of the acid in question. On the other hand, if a 
particular acid is a minor component of a 
natural fat, amounting to perhaps 10% or less 
of the total fatty acids, it will of course not be 
present in all the triglyceride molecules, and will 
only contribute one acid radical to any tri- 
glycicride molecule in which it is present. 

It follows from the preceding statement that 
if a fat contains, say, 35% or more of oleic acid, 
then this acid will be present in almost all the 
molecules of the fat glycerides—in other words, 
as has been demonstrated experimentally, such 
fats contain only very minor amounts of fuUy- 
saturated triglycerides. Similarly, in liquid 
fats such as olive oil,'linseed oil, and other liquid 
vegetable seed-fats, the acids of which in many 
cases consist very largely of oleic and linoleic, 
with minor proportions of palmitic acid, all 
of the latter is present as monopalmitodiun- 
saturated glycerides, with the result that th^? 
proportion of oleo-linolco-glycerides is the least 
possible. 

This kind of evenly distributed type of natural 
I mixed glycerides has been found to be present in 
almost all seed fats, solid or liquid, in many 
fruit-coat fats, in all marine-animal fats so far 
studied, and in all land-animal body fats in 
which the saturated acids present are mainly 
palmitic, with only minor proportions of stearic 
acid. The experimental evidence is most 
abundant in the case of solid seed-fats, but the 
liquid seed-Tats which have been so far examined 
also conform closely with the rule. It is also 
followed closely in many fruit-coat fats, but in 
tliis class a few instances have been observed 
(especially palm oils) in which there is a tendency 
for the production of slightly more tripalmitin 
and triolein than is consistent with complete 
adherence to “ even distribution.” Again, those 
marine animal fats and land-animal body-fats 
low in stearic acid content which have been 
submitted to study by the quantitative methods 
; have also been found to conform with the general 
rule, whilst qualitative studies by Eibner, 
Suzuki, and others of the crystalline bromo- 
additive products obtainable from the glycerides 
of linseed, soya-bean, whale, cod, herring, and 
some other oils lend full support to the view that 
the mixed glycerides of these oils are as hetero¬ 
geneous a mixture as possible. 

Many fats of the above types, containing not 
more than four major component acids, have 
now been studied experimentally and their chief 
component glycerides determined with some 
degree of certainty. It has been found possible 
(Hilditch and Meara, J.S.C.I. 1942, 61, 117), by 
a simple calculation based on arithmetioal pro¬ 
portioning of one component acid among the 
rest, and subsequent arrangement of the result¬ 
ing ^oura of adds into mixed glycerides, to 
obtain direotly from the propo^ons of the 



5 


OILS (FATTY) AND FATS. 


component acids in the fat a “ calculated ” com¬ 
position for its component glycerides which 
approximates to that observed by experimental 
analysis. It is notable that this accordance is 
not forthcoming unless the unaaturated acid 
(usually oleic) present in largest amount is 
arithmetically proportioned between the satu¬ 
rated and other acids of the fat. It is thus 
possible by an empirical calculation, based upon 
the fatty-acid composition of a fat, to predict 
with some likelihood of reasonable accuracy, 
when experimental determinations are lacking, 
the proportions of the chief component glycerides 
present. 

As previously mentioned, there are two broad 
groups of natural fats which constitute apparent 
exceptions to (or, more probably, modifications 
super-imposed on) the “ even distribution ” 
principle, namely, animal body-fats, such as 
tallows, which are relatively rich in stearic acid, 
and animal milk-fats, which include about 
20-26% of saturated acids of lower molecular 
weight than palmitic acid in their component 
acids. Broadly speaking, in all instances so far 
studied, the proportion of stearic acid or of 
lower saturated acids (as the case may be) 
seems to be closely connected with that of the 
oleic acid present, the sum of the latter and 
cither of the former being of an approximately 
constant order. It has therefore been sug¬ 
gested that either of these forms of land-animal 
fats may arise by further modification of a pre¬ 
formed mixture of palmitodiolco- and similar 
glycerides built upon the usual “ even distri¬ 
bution ” principle. Partial saturation of such 
oleo-glycerides in the cases of depot fats, and 
transformation of such oleo-glycerides (by pro¬ 
cesses involving shortening of the oleic chain) 
in the case of milk fats, would accouni for the 
observed composition of the glycerides in these 
two classes of animal fats. 

The component glycerides of a range of pig, 
sheep, and ox body-fats of varying stearic acid 
content have been determined experimentally 
(Hilditch et al., Biochom. J. 1938, 32, 1776; 
1940, 84, 971, 1301; 1941, 35, 940). Since, as 
the result of the presumed bio-hydrogenation 
jirocess, such fats contain much more fully- 
saturated triglycerides than fats of similar fatty- 
acid composition built up purely according to 
the “ even distribution ” rule, the empirical 
calculation described above fails to give results 
accordant with those observed when it is based 
on the fatty acids of the whole fat; but, if 
allowance is made for the palmitic and stearic 
acids present as palmitostearins (which can be 
approximately effected from a graph without 
actual determination of the proportion of fully- 
saturated glycerides) and the oleic acid of the fat 
is then proportioned between the remaining 
palmitic and stearic acids, the proportions of 
oleopalmitostearin, palmitodiolein, etc., thus 
calculated agree very closely with the observed 
values. This modified form of calculation thus 
permits the chief component glycerides of lards 
and tallows to be approximately computed from 
the proportions of fatty acids in the whole fats. 

General Features of Component Acids 
In Different Types of Natural Fats.— 
The number of different acids combined in a 


natural fat varies from four or five in the 
simplest cases to as many as fifteen or twenty 
in the most complex fats. It is convenient to 
group the acids of any fat roughly into two 
categories, major and minor component acids. 
Such a grouping cannot be rigid, but broadly 
speaking an acid which forms anything from 
about 10% upwards of the total fatty acids falls 
into the category of a major component acid. 
Minor component acids are those which form 
less than 10% of the total fatty acids (down to 
traces of the order of 0*2-0*3% in some in¬ 
stances). The chief utility of roughly dividing 
fat component acids into these two groups is 
that it then at once liecomes evident that, in a 
great many instances, fats from organisms which 
have been grouped together by biologists on 
morphological or anatomical grounds share the 
same acids as major components. At the same 
time, in a immbor of other groups, one or 
more of the minor component acids may bo 
markedly characteristic of the particular fats 
concerned. 

As detailed data for the fatty-acid composi¬ 
tions of fats have accumulated over a wide range 
of material, it has become more and more 
apparent that natural fats tend to align them¬ 
selves, by their component acids, in groups 
according to their biological origin. Moreover, 
it has become clear that the fats of the simplest 
and most primitive organisms are usually made 
j up from a very complex mixture of fatty acids 
whereas, as biological development has pro¬ 
ceeded, the chief component acids of the fats of 
the higher organisms have become fewer in 
number. In the animal kingdom this change 
in typo is remarkably consistent, and cul¬ 
minates, in the depot fats of the higher land 
mammals, in fats in which oleic, palmitic, and 
stearic acids are the only major components. 
In vegetable seed-fats, as a rule, similar 
simplicity is found in the major component acids 
which, in many families, are confined to oleic, 
linoleic, and palmitic; but here, in a number of 
other families, specific fatty acids occur which 
have been found nowhere else in nature. The 
systematic consideration of natural fat com¬ 
ponent acids is therefore best developed in 
relation to their biological sources, commencing 
wdth the fats of minute aquatic flora and fauna, 
proceeding to those of the larger aquatic denizens 
and then to those of the two broad groups of 
land fauna and land flora. 

Component Acids of Fats of Aquatic Origin .— 
All fats of aquatic origin contain a wdde range 
of combined fatty acids, mainly of the uii- 
saturated series. The latter include acids con¬ 
taining 14, IG, 18, 20, 22 and sometimes 24 
carbon atoms in the molecule, and are con¬ 
veniently denoted as unsaturated C^e, C^g, 
etc., acids. These unsaturated acids are present 
in varying, but major, proportions and in 
different states of unsaturation. The unsatura¬ 
tion is greater with increasing chain-length: 
Cjg acids may contain 4, C2r) acids 4 or 6, and 
Co^a acids 5 or 6 ethenoid bonds {v, infra)^ The 
only major-component saturated acid is palmitic 
acid (10-20% of the total acids), with myristic 
and stearic acid often present as minor com¬ 
ponents. 
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Relatively marked differences exist in the 
proportions of the eomponent acids in fats from 
fresh-water and from sea-water organisms, respec¬ 
tively. In fats from all fresh-water life, plant 
or animal, minute or large, the type appears to 
be much the same, the component acids being 
relatively rich in unsaturatod Cjg and Cjg acids, 
with low contents of unsaturatc^d C 20 
(especially) C 22 acids. The unsaturated Cjg 
acids may form as much as 30%, and the un¬ 
saturated Cjg acids over 40-45% of the total 
fatty acids. 

In the marine world, apart from the fats of 
marine diatoms and green algse (which, in the 
few cases reported, belong to the fresh-water type 
as regards their component acids), there is a 
marked difference in the proportions of the un¬ 
saturated component acids of fats as compared 
with those from denizens of fresh water. In the 
fats of rod and brown algas and of marine 
plankton Crustacea the unsaturatod Cig and 
Cjg acids are less in amount, and the unsaturated 
C 20 and, especially, C 22 acids considerably in¬ 
creased as compared with fats of fresh-water 
organisms. This characteristic difference per¬ 
sists as a general background throughout almost 
the w'hole range of marine fish and mammalia, 
although it is in turn subject to subordinate 
modifications in fats from different families. 
Thus, in general, the fats of Teleostid fish of 
which the chief fat-depot is the liver {e.g.y (‘od, 
hake, halibut, and many others) have somewhat 
less C 20 ^22 acids (of somewhat less average 

unaaturation) than those of Teleostid fish of 
which the fat is mainly deposited in the flesh- 
tissues {e.g., herring, salmon, etc.); in herring 
fat nearly half of the total acids may be made up 
of unsaturated Cjo and C 22 iuads. The salmon 
is interesting in that its body fat alters pro¬ 
gressively from the “ fresh water ” to the 
“ marine ” type as the fish develops from a 
purely fresh-water to a marine animal (Lovern, 
ibid, 1934, 28, 1955, 1961). In Elasmobranch 
fish the liver fats may be very similar to Tele¬ 
ostid liver-oils, or may contain unsaturated Cgo 
and C 22 acids of even higher mean unsaturation; 
or again, in certain families the liver fats are 
accompanied by unusually large proportions of 
the glyceryl ethers (batyl, etc., alcohols, v. 
infra) or by the hydrocarbon squalene, and in 
such cases it is invariably found that the un¬ 
saturation of all the acids in the glycerides is 
almost whoUy monoethenoid, and that up to 
10 % of a monoethenoid C 24 acid is also present. 

Whale body-fats are very similar in general 
fatty-acid composition to many of the Teleostid 
fish oils, although the content of unsaturated 
C 20 and C 22 acids tends to be lower. Notably, 
the fats of Antarctic whales arc relatively low 
in these acids and tend more to resemble in fatty- 
acid composition that of a freshwater fish. It 
has also been observed that fish fats from 
southern oceans (New Zealand) often appear to 
resemble fresh-water fish-fats rather than the 
more general type of sea-water fish-fats in their 
component acids. 

Finally, the marine mammalia are marked in 
certain instances by quite exceptional variations 
in the composition of their fats. Thus the body 
and especially the head-cavity oils of the 


Physeteridm (sperm whales) consist only of 
30-35% of fats (glycerides), the remainder being 
ester-waxes formed by the union of cetyl 
(hexadecyl), oleyl (octadecenyl), and other 
higher aliphatic alcohols with higher fatty 
acids; the component acids, also, differ in ty})e 
from the normal, unsaturated C 22 acids being 
almost absent, and the unsaturation of the Cgo 
and Cjg acids being nearly all monoethenoid. 
The body fats of the J)elphinidfe (porpoise, 
dolphin, white whale) also include a certain 
proportion of the above-mentioned ester-waxes, 
and are further notable (especially the fats of the 
head and jaw cavities) in that they contain 
large quantities of i.90valcric acid combined in 
the form of mixed glycerides with the higher 
fatty acids (Lovern, ibid. 1934, 28, 394). The 
occurrence of i.sovaleric acid in natural fats is 
quite exceptional, not otily on account of its 
low molecular weight, but because it is the only 
known instance of a fat component acid con¬ 
taining an odd number of carbon atoms and a 
bram^hed carbon-chain. (Other instances, how¬ 
ever, are knowm amongst the wax a(;ids of tuber¬ 
culosis and other bacilli waxes, e.g.y tuberculo- 
stearic acid, 10 -methylstc!aric acicl, C^gHggOg, 
Spielman, J. Biol. Chem. 1934, 106, 87). 

Component Acids of Fats of Jjand Animals .— 
(a) Depot Fats .—On passing from depot fats of 
aquatic to those of land animals there is marked 
simplification in the composition of the mixed 
fatty acids. Most of the unsaturated acids, 
except oleic acid, of the former class disappear, 
still being present in some quantity in fats of 
amphibians and reptiles, and to a less extent 
in those of rodents and, perhaps, some birds; 
but in depot fats of the higher land-animals the 
proportion of highly unsaturated CgQ and C 22 
acids is teduced to about 1 % of the total acids, 
whilst that of unsaturated (hexade( (‘noi(‘) 
acid reaches a minimum at about 3%. in con¬ 
sequence, in the higher land-animals the most 
abundant component acids are ahvays the mono¬ 
ethenoid oleic and the saturated palmitic acid, 
the latter being present in much larger quantities 
than in aquatic animal fats and approaching a 
more or less constant figure in the region of 
about 30% in the depot fats of widely difl'erent 
animals such as rat, rabbit, pig, ox, shoe]) 
horse, etc. The final result is that in most of 
the higher land-animals the major component 
acids of the depot fats are restricted to oleic, 
palmitic, and stearic, and, moreover, that about 
60-65% of the acids belong to the C^g series, 
unsaturated or saturated. The major saturated 
component palmitic acid is usually accompanied 
by subordinate amounts (1-5%) of myristic acid. 

In some groups of animals there is marked 
tendency to produce stearic as well as oleic acid 
in the depot fats, but in such cases the sum of all 
the Cjg acids present remains approximately 
constant at between 60 and 65% of the total 
acids. It is in these fats alone that, in the com¬ 
ponent glycerides, a departure from the general 
rule of “ even distribution ” has been observed 
{v. supra)f and that usually large proportions 
of fully-saturated glycerides (palmitostearins) 
are found. It seems probable that in these 
animals a mixture of paimito-oleo-glycerides or 
tri-olein initially synthesised may be partly 
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reduced by a bio-hydrogenation procesB to more and Cgg acids over a wide range 

saturated products. of animal depot fats are illustrated by data 

The progressive' changes observed in the taken from the observations of various in* 
contents of palmitic, stearic, and unsaturated vestigators and collected in Table I. 


Table I.— Component A(bi)s (wt.%) of Typical Animal Depot-fats. 



Saturated. 

Fnsaturated. 


Cl. 

C 18 

C 16 

C,8 

C 20 

C 22 

riCHh-wator . 

IT l.f> 

1-2 

20 20 

40-45 

10 12 

0-5 

Fish, marine. 


1 2 

15 IS 

27 20 

20 25 

S 12 

Whales. 

12 15 

1-2 

15-18 

25 40 

15 20 

5 10 

FroK. 

11 

:i 

15 

52 

1 

r> 

Tortoise. 

14 

4 

0 

(»5 


7 

Lizard. 

IS 

7 

10 

50 


5 

Domestic fowl. 

25 20 

5 7 

0 7 

cn . 00 

0-5 

1 

Kat.- . . . . 

24-2S 

2-2 

7-S 

ca . 00 

0-2 

05 

Bear. 

21) 

2 

10 

51 


2 

Kangaroo . 

20 

14 

1 

4H 


2 

('at . 

20 

17 

4 

42 



Lion . 

20 

IS 

2 

40 


.2 

Iforse . 

2S 20 

f) 7 

*r 

04 -07 



PiR. 

25 20 

10 10 

2 2 

50-05 

02 

1 

Ox. 

27 20 

12 25 

2-:i 

40 .50 

0-2 

-0-5 

She(‘p. 

21 2S 

14 2S 

12 

40 50 

0-5 

1 

Baboon . 

10 

0 

4 

67 

0 

•5 


It will be S(‘en that qualitatively the com- differ considerably from those of the (^orrc- 
ponent ac'ids of land-animal fats are an un- sponding depot or body fats. In the lower land 
usually simple mixture and, further, that up to animals (e.r/., amydiibians and rej>tiles) the liver 
the present no striking departures from the glycerides and pliospliatides are very similar to 
normal have been observed such as are en- their depot fats {v. supra), so that the corn- 
countered in marine-animal fats {e.g., wovaleric ponent acids bear considerable similarity to 
glycerides in Delphinidm fats, etc., v. 8uj)ra) or those of fats of wholly aquatic origin, but have 
in' vegetable seed fats, where frequently quite less of the unsaturated Cgo and C 22 memlnn-s, 
specific and unusual higher fatty acids make and to some extent of unsaturated acids, 
their appearance (p. infra). The oleic acid of compensated by a content of about 50-65% of 
animal depot fats is usually accompanied by unsaturated 

relatively small proportions of diethenoid In the pig, ox, and sheep the liver glycerides 
octadecadienoic acid, CigHgjOg, which however differ in composition both from the liver phos- 
in most cases is not identical with the linoleic phatides and the corresponding depot fats, but 
acid of seed fats, but may probably be a geo- the two classes of liver lipids share the character- 
metrical isomer of the latter, since the un- istic of fairly high contents (10—25%) of highly 
saturation appears to be locaterl in the 9:10 and unsaturated C 20 and C 22 acids of the marine- 
12:13 positions in the carbon chain. animal oil tyi)e. All the liver glycerides of 

AU the above data for animal depot-fats refer pigs, ox, and sheep have as component acids 
as far as possible to animals which have received about 22—30% palmitic, 5-20% stearic, 8-10% 
their natural diet, herbivorous or carnivorous, hexadecenoic, 40-48% unsaturated Cjg (chiefly 
but in most cases comparatively low in fatty oleic), and 8-15% unsaturated C 20 and C 22 
matter. By far the greater part of the depot acids; the (‘orresponding liver phosphatides 
fats therefore emanates from fat synthesised have, on the other hand, less (12—20%) palmitic, 
from carbohydrate or protein by the animal, more (15-30%) stearic, about 5% hexadecenoic, 
It should of course be borne in mind that, in 30—40% unsaturated C^g (with more diethenoid 
addition, most animals are able to ingest fats acid than in the liver glycerides) and more 
from fatty diets, and to assimilate and lay down (18-25%) unsaturated Cgo ^22 
in their fat depots many of the specific mixed Although the animal liver-fats have perha}>'< 
glycerides which may be present in the dietary relatively little technical interest as fats, they 
fats. Thus it has been notably shown that pigs are important as natural sources of vitamins-4 
are able to utilise as depot fivt much of the fatty and -D. Some fish-liver oils (especially cod- 
oils present in vegetable seeds on which they liver oil) are used medicinally for this purpose, 
may be fed (c/., e.g., Ellis et a,I, ibid. 1926, 69, whilst others (halibut-, whale-, soupfin shark-, and 
239- 1930 89 185; 1931, 92, 385). perhaps to a slight extent ox- and sheep-liver 

(h) Liver -The liver is probably the main oils) are unusually high in vitamin-4 and/or -D 

centre of animal-fat metabolism and the com- content and are worked up into vitamin con- 
position of liver lipids is thus of considerable, centrates, which serve both for increasing the 
although not to any groat extent industrial, vitamin potency of medicinal oils and for pro¬ 
interest. Both glycerides and phosphatides are viding vitamins for addition to margarine, thereby 
found in animal livers and in the higher aniraAls making the latter equivalent in value to natural 
the component acids of both kinds of liver lipid butter, 
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(c) Mammalian Milk Fats, —There is not so nent components; but a third acid, linolcic (di- 
wido a range of detailed data here as for the oihenoid) must be added as a component which 
depot fats. The component acids of whale is so frocpient as to bo definitely characteristfc 
milk-fat are . almost quantitatively the same as for fats of land flora. Linoleic and the related, 
those of its body fat, and there is reason to and still more unsaturated, linolonic acid are the 
think (from the general analytical character- typical constituents of the widcily distributed 
istics, which are the only data available) that class of “ drying ” seed oils, 
the same may hold good for many of the land- Fruit-coat {pericarp, etc.) fats contain (so far 
animal milk-fats, such as those of the pig, dog, with only one or two possible exceptions) 
cat, and human milk-fat (c/. p. 28/d. other palmitic and oleic acids as the only major corn- 
groups of land animals, more especially the pononts, irrespe(‘.tive of the plant family in 
ruminants, the C|g acids form a lower propor- which they occur; linoleic acid is also fre- 
tion of the total acids than in the corresponding qucntly present, but most often only in minor 
depot fats, the differences being approximately quantities. Fruit-coat fats exhibit a wide range 
balanced by the appearance of members of the of physical consisterK'y, from the very hard 
lower saturated fatty acids (C^q, Cg, Cg and Japan waxes or Chinese vegetable tallows 
most notably butyri(^ acid). In the latter type through soft fats such as palm oil to fats, liquid 
of milk fat the component glycerides exhibit at the ordinary temperature, such as olive oil. 
differences in structure from those of all other Their consistency is determined almost entirely 
natural fats exactly similar to those shown by by the relative y)roportion8 of palmitic and oleic 
the stearic-rich animal body-fats (r. supra). acids present: thus Japan wax contains nearly 
Of the milk fats in which the lower saturated 80%, and Chinese vegetable tallow about 65%, 
acids are prominent, those of the cow and of palmitic acid, whilst palm oils contain about 
buffalo contain most butyric acid and hcxanoic 40% each of palmitic and oleic, with up to 10% 
acid, the respective proportions amounting to of linoleic acid, and the liquid olive-oil has 
about 4% and 2% (by weight), or 10% and 4% amongst its component acids 75-80% of oleic,‘ 
(molar). In sheep and goat milk-fats, the main with only about 10% of palmitic and about 7% 
lower acid present is docanoic (caj)ric), which of linoleic acid. 

forms about 8% (wt.) or 10% (molar) of the Sccd-fat eom])onont acids show a pronounced 
total acids, and there is also present about 2-.*!% tendency to be, at least qualitatively, mixturf^s 
(wt.) each of butyric, hcxanoic, and octanoic of the same acids throughout the same botanical 
acids. In some other milk fats the relative j)ro- family; but some botanical families produce 
portions of the four lower saturated acids are seeds, the fats of which contain one or more 
much the same as in cow milk-fats, but the acids which are found in no, or at most fi'W, 
amount of each may l)e only half, or less than other families. This statement, although sub¬ 
half, of that present in cow milk-fats. Milk fats, ject to occasional exceptions, has been found 
like that of the cow, which contain relatively increasingly, with the collection of more and 
largo proportions of the lower saturated acids, more data, to be broadly true for the seed fats 
also contain minor amounts of lower mono- of all land plants. In many seed fats, it is true, 
ethenoid acids with the unsaturation in the same the main component acids are confined to 
position (J'^") as in oleic acid, from ^’•-hexa- palmitic, oleic, and linoleic in varying propor- 
dccenoic, CigHgpOg (about 3%) to J**^-dccenoic, tions; frequently, in these cases, seed fats of 
CjoHigOg (about 0*2%). the same family exhibit considerable resemblance 

ComponeiU Acids of Vegetable Fats. —It has in the relative proportions of these three acids, 
been pointed out that the simplest forms of Tims, seed fa tsof the Malvaceae and Bombacaceae 
vegetable life (plankton, etc.) produce fats of arc usually high in palmitic acid content (20- 
similar complex and unsaturated nature to the 25%), and also often contain about 60% of 
rest of aquatic (animal) organisms, simple or linoleic acid; the component acids of Graminece 
highly developed. From the restricted data seed-fats are usually made up of about 10-15% 
available, it seems that a somewhat similar type of palmitic, 30-60% of oleic, and 00-30% of 
of fatty-acid mixture, especially rich however in linoleic acid. Linoleic acid is prominent in 
J **-hexadecenoic and oleic acids, is met with in many coniferous seed fats, in those of the larger 
the fats of many bacilli, of yeast and of the dicotyledonous trees and shrubs, and in shrubs 
spores of cryptogams. As in the animal king- and herbs of Rosaceae, Compositae, LaJbiatae, 
dom, hexadecenoic acid appears to persist Linaceae and a number of other familiar and 
throughout all vegetable fats, but in those of the widely distributed plant families, 
seeds or fruit-coats of the more developed land On the other hand, in many other families 
plants it rarely amounts to more than about (and in this respect land plants differ from all 
0-5% of the total fatty acids. other natural sources of fats) the seed fats 

The component acids of seed and fruit-coat include as major components a fatty acid (or 
fats ofmembersofmany plant families have boon acids) different from any of the above. In the 
studied in greater or less detail and relatively saturated scries, members of all the “ even- 
much more information is at present available numbered ” acids from decanoic (capric, Cjo) to 
in this group than in most of the other realms tetracosanoic (lignoceric, Cg^) are encoimtered 
of vegetable or animal life. As in animals, the as major components of one or other type of 
most striHng feature of the fata of land flora seed fats. Furthermore, similar cases are en- 
is great simplification in their component fatty- countered in which a wide variety of unsaturated 
acid mixtures as compared with those of acids, differing in carbon content or in degree 
aquatic flora. As in land animals, palmitic of imsaturation from the t 3 rpical oleic acid of 
^nd oleic bpcome the most consistently promi- fats, occur speoiflcall^ in certain groups of seed 
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fats. Whilst most of the saturated acids always to the seed fats of a single family or, 
referred to are found, at least as minor com- sometimes, of only one genus or even species 
ponents, in some kinds of animal fats, the seed- within a botanical family. The distribution of 
fat unsaturated acids are restricted entirely to these specific acidic components in seed fats is 
the vegetable kingdom and, indeed, almost illustrated in Table II. 


Table II.— Occuxiuence of Specific Composeistt Acids m Seed Fats. 


Satiiratod acids, 

Caprylic (Octanoic), CgH]602 . 
Capric (Decanoic), C10H20O2 . 

Laurie, C12H24O2. 

Myristic, CHH28O2. 

Stearic, CJ8H36O2. 


Arachidie, C20H40O2 


liehonic, C22H44O2 . 
IdKnocoric, C24H48O2 


(a) Monootheiioid :— 

J®-'J’etradecenoio, Ci4H2f,02 . . . . 

Jft-Octadecenoic (Petroselirdc), C18H34O2 


id»i-Eicoscnoic, C20H38O2. 

Ji^-Oocosoiioio (Erucic), C22H42O2 

Ji 7 -Hexaco 8 eiioic (Ximenic), C26H50O2 . 

j 2 i.Tricoscnoic (Lumcquic), C30H58O2 . 

(6) Hydroxy-monocthenoid:— 

12 -Hydroxy-j 9 -octadecciioic (llidnoleic), 
Q8H34O3. 

(c) Ethynoid (or etiicnoid-rthynoid): 
j6.octadecinoic (Tariric), C18H32O2 . , 

Octadeca-J J 7 .en-di-ynoic (Erytliogeuic), 
C18H26O2 

id) Cyclic mono- or di-ethenoid ; 
Hydnocarpic, Cj6H2802 1 

Chaulmoogric, C18H32O2 > . . . . 

C^orlic, CiijH 3 o 02 J 

(e) Tri- and totra-ethenoid : 

(i) Non-conjugated: 

12, is.octadecatricnoic (Linolcnic), 
C18H30O2. 


J 6 , 9^ 1 2.0ctadecatrienoic, Ci 8H30O2 
(ii) Conjugated: 

* ’-Octadecatrienoic (Elieostearic), 

Q8H30O2. 


4 -Keto-j 9 ,ii, ii-Octadecatrieuoic (Licani< ), 

i!, n, il-octadecatotraeuoic (Parinaric), 
CiiHagOj. 


Occurrence in seed fats. 


Pa!mm (minor component). 

Elm iUlmarem, major component; Palmm, 
hauracea:, Salvadoracem (minor component), 

jMuracem, Palmm, .Sahadoracem, Irvingia sp. 
(Simarubacea'), Virola ap. (Myristicaceie); (major 
component in varying amounts), 

Alttiongh present in minor amounts in very many 
seed fats, accompanying major proportions of 
palmitic acid, myristic acid is only a major com¬ 
ponent in Myristicacece, Salvadoracem, Irvingia 
6]). (Simarubaceai), and Palmm. 

Although present in minor amounts in many seed 
fats, accompanying major proportit)ns of 
palmitic acid, stearic acid is only found as a 
major component in seed fats of a few tropical 
families: (rutiiSerm, Sapotacem, JSterculiaccm, 
Dipterocarparem. 

Minor, but characteristic component in many 
Legnminoum seed fats especially Arachu and Ho]a 
H]). ; trace component in many other seed lata; 
major component in Pentaclethra sp, (Lcguini- 
nosa^) and Sapuidacem. 

Minor, but charactoriatir component in Arachia ap. 
(Li'guininoaa)) and in Moringa ai). (Moringaeea'.). 

Minor, but cliaracteriatic comi>onent in sp., 

Soja Hj)., and other li'giinjirious seed fata ; trace 
component in many seed fats ; major comr)oueiit 
in Adenanthera pavonina (I>cguiniiiosie). 

Pycnanthus Jeombo (Myristicacese). (Major com¬ 
ponent.) 

Major cojnponcnt in all seed fata of UmbeUifrrm 
and Araliareop ; and of Picraarna qnasHioides 
(Simanibaccre). 

Major component in seed wax of Simmondsia vali- 
fornica. 

Major component in seed fats of Crvciferm, 
Tropmolum sp. and Simmo 7 idiiia californica Csecd 
hox). 

Major componcut in seed fat of Ximenia ameri^ 
cana. 

Minor component in seed fat ot Ximenia americana. 


Major component in Ricinus sp. and Agonandra 
bretsiliensis (Olacacea*). 


Major component in Pirramnia ftow and other sp. 
(Simarubaccao). 

Major component in Ongokea sp. (Olacacesp). 


Major components of Hydnocarpns anthelmintica, 
//. kurzii, //. wightiana, Oncoba echinata and 
some other species of the family Placmriiacem. 


Major component in Perilla and Salvia sp. (Labiatae), 
in Mnvs st). (LlnaecDB), Cannabis sp. (Moraceae), 
some Pinm sp. ((’onifcra>), Juglans regia (Jug- 
landacea*) and some other seed fats ; minor com¬ 
ponent in Paparerare^, some Jjeguminom {e.g.y 
Soja hispi da) and other seed fats. 

Tu (Enothera biennis ((I^lnothcracea}). 


Major component in Aleurites tordii, A. moniana, 
A. cordata, and A. trispemia, Rieinodmdron sp 
(Euphorbiaceso); Telfairia occidentalis (Cucur- 
bltacegp); Parinarium macrophyllum (Rosacojc). 

Major component in Licania rigida and Parinarium 
sherbroense (Rosaceae). 

Major component in Parinarium laurinium and P. 
gldberrimum (Rosaccas). 
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Although the occurrence of specific (especially 
unsaturatod) fatty components places many of 
the families of land flora apart from the rest of 
nature as regards their fat types, it is clear that 
the incidence of these unusual features runs on 
the whole closely parallel with the groups into 
which morphologists have placed the parent 
jilants. Throughout the seed fats it is evident 
that the fatty-acid mixtures present are closely 
connected with, and dependent upon, differences 
in biological species. At present this must bo 
regardt)d as a broad generalisation, susceptible 
to extension and modification as more data and 
fats are accumulated. 

It should be noted that natural fats must bo 
liquid, or approximately so, at the temperature 
of the living organism in which they are pro¬ 
duced or stored. Consocjuently the more 
saturated seed-fats, which are solid at the 
ordinary temperature of the temperature zones, 
are not produced in seeds indigenous to the latter 
climates, but only in sub-tropical or tropical 
regions where, in fact, they exist practically in 
the liquid state at the prevailing temperatures. 
It has frequently been stated that unsaturation 
tends to be greater in set’id fats as the latter are 
produced in cooler regions (further from the 
equator). This is a confusion of ideas, for the 
non-occurrence of relatively saturated fats in 
cooler climates is simply the consequence of 
what has been pointed out in the preceding 
sentences, whilst the converse is not true : many 
seed fats of high unsaturation occur in plants 
which grow only in tropical regions, or are 
capable of growth in both hot and cold climates. 
In particular, the high degree of unsaturation of 
species of Aleurites^ Ilevea, Perilla^ Licania^ and 
Parinarium, to mention only a few tropical or 
sub-tropical seed fats, is only paralleled else¬ 
where in nature by the highty unsaturated Cjo 
and C 22 acids which are found most abundantly 
in cold-blooded aquatic-animal organisms. 

At the same time, in those plants {e.g.y flax) 
which thrive in either hot or cold climates, 
Ivanow (Bull. Applied Botany, Leningrad, 
1922-23, 13, No. 2) and others have shown by 
systematic experiments that when the plant is 
grown in a cold region higher proportions of the 
more unsaturated component acids character¬ 
istic of the particular seed-fat are produced than 
from seed produced in a hotter climate. 

Structure of Individual Natural 
Fatty Acids. 

The distribution of individual fatty acids 
throughout the natural fats will be apparent 
from the discussion of their cofaiponent acids in 
the preceding paragraphs. Some notes may 
usefully be inserted at this point on structural 
and other features of the individual acids which 
merit attention. 

Of all the natural fatty acids, two may be 
singled out as most widespread and character¬ 
istic : the monoethenoid oleic acid, C^gHg^Og, 
which is probably present in all natural glyceride 
mixtures of vegetable or animal origin, and 
which must be regarded as a major component 
acid in the great majority of natural fats; and 
the saturated palmitic acid, CjgHggOj, which 


is similarly present, albeit generally in lesser 
proportions than oleic acid, in practically all 
known natural fats. In a considerable number 
of the more unsaturated seed fata palmitic acid 
may form only from, say, 2-5% of the total 
acids, but it is extremely rare to find it absent. 

Other acids which are almost as ubiquitous 
as palmitic and oleic acid, but which are most 
frequently very minor components of na-tural 
fats, are the saturated myristic (Ci 4 H 2 g 02 ) and 
stearic (CjgHggOg) acids, and the mono- 
ethenoid hexadccenoio or palmitoleic acid, 
CigHgoOg. As already indicated, in certain 
groups of seed fats myristic and stearic acids 
also appear as specific major components, whilst 
hexadecenoic acid is similarly a major com¬ 
ponent of most fats of aquatic origin and fats 
of the more primitive land vegetable and 
animal organisms. All the remaining natural 
fatty acids, saturated and unsaturated, may be 
considered to bo specific types which occur in 
fats of particular, and frequently quite restricted, 
groups of vegetable or animal species. 

Saturated Fatty Acids. 

As already indicated, the fatty acids of natural 
fats are straight-chain members of the aliphatic 
scries, with the general formula (or 

C„_iH 2 n-i'COOH), where n is an even integer 
(from 4 to 24). The plant w'axes contain still 
higher members of the same series, from 
^ 26 ^ 62^2 ^90147202, usually mixturcs of 

two or three consecutive members of the “ even- 
numbered ” scries, wdth one acid predominating. 
The straight-chain structure of the higher acids 
from Cjg to Cgg has been established by A-ray 
spectrum analysis (Muller and Shearer, J.C. 8 . 
1923, 123, 2043, 3166; Piper, Malkin, and 
Austin, ibid. 1926, 2310; Chibnall, Piper H al., 
Biochem. J. 1934, 28, 2175, 2189). All the 
saturated n-aliphatic acids have been prepared 
synthetically, proceeding from a lower member 
(C„) to the next higher (Cn+i), np to n-hexatri- 
acontanoic acid, C 3 gH 7202 (^18~^26» Levene 
and Taylor, J. Biol. Chom. 1924, 59, 906; 
i Cgg-Cgg, Fruncis et al„ Proc. Roy. Soc. 1937, A, 
158, 691; J.C.S. 1937, 999). More direct 
syntheses of lauric, myristic, palmitic, and 
stearic acids were not achieved until 1936, when 
polyene aldehydes (CHg-rCHrCH^-CHO and 
jCHglCHiCHVCHO) were obtained by con- 
I trolled polymerisation of crotonaldehyde, and 
j were reduced to dodecyl and bexadecyl alcohols, 
j which in turn yielded by oxidation lauric and 
palmitic acids. Condensation of the polyene 
aldehydes with malonic acid gave further pro¬ 
ducts which, after hydrogenation and decar¬ 
boxylation, furnished respectively myristic and 
stearic acids (Kuhn, ibid. 1938, 606). 

The melting-points of the chief natural solid 
saturated acids are caprio 31-3°, lauric 43-5°, 
myristic 64*4°, palmitic 62*9®, stearic 69*6®, 
arachidic 76*4°, behenio 80 0°, and lignoceric 
84-2°. The stable ()3) forms of simple tri¬ 
glycerides (trilaurin, etc.) melt in general about 
2 ° higher than the corresponding fatty acids. 

Unsaturated Fatty Acids. 

With the exception of the few cyclic ethenoid 
acids and of hydroxyoleic or ricinoleic acid, all 
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the naturally ooourring unsaturated acids are 
converted by hydrogenation into the n-aliphatic 
acid of the same carbon content, thus demon¬ 
strating their straight-chain constitution. Oleic 
and linoloic acids, the most abundant of the 
natural unsaturatcd fatty acids, have been 
shown to occur in nature in the ct 5 -form. The 
corresponding /ra««-geomctrical isomers can be 
produced from them by chemical means, but 
have not been met with in any natural fat. It 
is probable, although not yet demonstrated in 
every instance, that the numerous other cthy- 
lenic acids of natural fats also occur pre¬ 
dominantly in the less stable or ri/»-modifica- 
tions. Syntheses of the unsaturated aciils of 
natural fats have to date only been effected in 
the cases of oleic, linoloic, and chaulmoogric 
acids. 

Oleic Acid, c/s-J^-octadecenoic Acid, 

CH3[CH2VCH:CH[CH2]/C00H. 

Naturally, in view of its abundant occurrence 
and simple degree of iinsaturation, much more 
study has been given to oleic than to any other 
unsaturated higher fatty acid. Brief reference 
to its chief reactions will serve to illustrate the 
methods which are common to the study of 
oleic acid and its many analogues. 

Oleic acid exists in two crystalline forms, 
melting-points respectively IG'^and 1G°. It may 
be purified by crystallising its barium salt from 
benzene containing 5% of alcohol or, better, its 
lithium salt from 80% alcohol. Alternatively, 
the acid itself may be crystallised from acetone 
at about —40°, admixed saturated acids being 
first separated from the solution at —20° 
(Brown, J. Amor. dhem. Soc. 1987, 59, 6). 

On treatment with oxides of nitrogen at room 
temperature, or with a small proportion of sul¬ 
phur or selenium at 200° or above, oleic acid is 
converted into an equilibrium mixture consisting 
of about 34% qf oleic acid and about 66% of the 
geometrically isomeric tmnif-modification, elaidic 
acid, m.p. 44°. Esters (including glycerides) of 
either aci<l are transformed under these con¬ 
ditions to equilibrium mixtures in which the 
elaidic form comprises about two-thirds of the 
total acid present. Analogous behaviour is 
shown by other naturally occurring unsaturated 
higher fatty acids. Evidence of various kinds, 
chemical and physical, leads to the conclusion 
that oleic and elaidic acids are respectively the 
cis- and trans- forms of J®-octadecenoic acid; 
the physical evidence includes that deduced 
from X-ray spectra (Muller and Shearer, l.c.)y 
from infra-red and Raman spectra (McCutcheon, 
Crawford, and Welsh, Oil and Soap, 1941,18, 9), 
from studies of unimolecular films on water 
(Marsden and Rideal, J.C.S. 1938,1163; Harkins 
and Florence, Nature, 1938, 142, 913), and from 
the systems formed with mixtures of either acid 
with stearic acid (Mascarelli, Atti. R. Accad. 
Lincei, 1914, [v], 28, ii, 683, etc.). 

The position of the ethenoid bond (J®) was 
first established in 1894 by Baruch (Ber. 1894, 
27, 172) by a somewhat complicated sequence 
of reackons. More recently it has been con¬ 
firmed by oxidative scission of oleic acid into j 
»-nonanoio and azelaic acids by means either i 


of ozone or of anhydrous potassium perman¬ 
ganate in acetone. Either or both of the latter 
methods have been used to establish the struc¬ 
ture of most of the other unsaturatcd acids of 
natural fats. 

Oleic acid was partly synthesised in 1925 by 
G. M. and R. Robinson (J.C.S. 1925, 127, 175), 
who effected a complete synthesis of lO-keto- 
stearic acid from acetoacetic ester, and also 
converted the acetylenic stearolic acid into oleic 
acid, but were unable to convert lO-ketostearic 
acid into the ethynoid acid; a complete syn¬ 
thesis of the ci84rar}8 equilibrium mixture of 
oleic and elaidic acids was accomplished later 
by Noller and Bannerot (J. Amer. Chem. Soc. 
1934, 56, 1563), starting from 9-chlorononyl 
aldehyde, and by Baudart (Compt. rend. 1943, 
217, 399), starting from l-methoxy-6-bromo- 
hexane and l-ethoxy-l:2-dibromo-n-decane. 
Noller and Girvin (J. Amer. Chem. Soc. 1937, 
59, 606) subsequently carried out a similar 
synthesis of linoleic acid, which, however, was 
accompanied by other isomeric forms of octa- 
decadienoic acids. 

Like other long-chain unsaturated acids, 
oleic and elaidic acids unite additively with 
bromine to give two different dibromostearic 
acids, each of which on debromination with zinc 
reverts to tlie acid from which it was produced. 
On mild oxidation, isomeric 9:10-dihydroxy- 
stearic acids are produced: oleic acid yields a 
dihydroxy-acid, m.p. 132°, with aqueous alkaline 
permanganate, but an isomeric acid, m.p. 95'\ 
when the oxidant is an acyl derivative of 
hydrogen peroxide (Caro’s acid, peracetic or 
perbcnzoic acids; in the latter case an oxido- 
stearic acid is also formed). With elaidic acid 
the respective oxidising agents load to pro¬ 
duction of the opposite acids, i.e., rcspecdively 
those melting at 95° and 132°. The stereo¬ 
chemical relationships underlying these trans¬ 
formations (in some of which a “ Walden 
inversion ” must take place) at present give rise 
to some conflict of opinion. Either 9:10-di¬ 
hydroxy stearic acid, on further oxidation with 
dilute alkaline permanganate, is broken down 
into n-octanoic, oxalic, and suberic acids (in¬ 
stead of w-nonanoic and azelaic acids). 

Other cis- and modifications of the 

higher monoethenoid fatty acids exhibit 
exactly similar behaviour to oleic and elaidic 
acids in their reactions with dilute alkaline per¬ 
manganate and with acidic derivatives of 
hydrogen peroxide, yielding similar pairs of 
racemic forms of optically isomeric dihydroxy- 
fatty acids. 

Other chemical changes characteristic of olcjc 
and related unsaturated fatty acids will be 
considered later (pp. 47«, 516) when discussing 
the action of various agents (e.gr., atmospheric 
oxygen, sulphuric acid) on natural fats. 

Natural Monoethenoid Higher Fatty 
Acids.—The majority of these require little 
separate treatment, their occurrence in natiual 
fats having already been indicated in a pre¬ 
ceding section. It is useful to tabulate them 
here according to certain coincidences in their 
general chemical structure, which are worthy 
of notice although their precise significance is 
not apparent. 
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(a) Monoelhenoid acids of the general formula R*CH:CH*[CH2]7‘COOH. 


Composition. 

C10H18O2 

C12H22O2 

C14H26O2 

Q6H30O2 

C18H34O2 

C20H38O2 


Acid. 

A 9 -Decenoic. 

J 9 -Bodoconolc. 

J ’-^'etradeceiioio, myristoloic. 
id®-Hexadccenolc, palmltoleic, zoomaric. 
4 d 5 »-Octadecenoic, oleic. 

A ^-Eicosenoic, gadoleic. 


Stnictural formula. 
CH2:CH-[CH2]7C00H 
CH3CH2CH :CH[CH2]7C00H 
CH3ECH2LCH :CH[CH2]7-C00H 
CH3[CH2]5*CH :CH[CH2]7C00H 
CH3 [CH2]7.CH :CH [CHzh-COOH 
CH3[CH2]9*CH :CH[CH2]7-C00H 


Of the above acids, all those below C^g are 
found, as has boon observed, in some milk fats. 
Myristoleic, palmitoleic, and gadoleic acids are 
characteristic components of fish fats, and 
palmitoleic acid, it has already been pointed out, 
occurs in almost all fats, although in very small 
proportions in most of them (other than those 
of aquatic origin). 


The existence of hexadeceiioic acid has been 
recognised in fish oils for very many years; it 
has been variously termed j)almitoloic and 
zoomaric acid at different times, and its con¬ 
stitution as J^-hcxadecenoic acid was not 
determined until 1925. Similarly, the structure 
of gadoleic acid, first noticed in cod-liver oil in 
1906, was not determined until 1933. 


(b) Monoelhenoid acids of the general formula CH3*[CH2]7*CH:CH*[CH2]2;‘COOH. 


Composition. 

Acid. 

C14H26O2 

A 5 -Totradocenoic. 

C18H34O2 

J^.octadoccnoic, ot ic. 

C20H38O2 

Jii-Eicosenoic. 

C22H42O2 

Ji 3 .Doco 8 enoic, crucic. 

C24H46O2 

A 1 -^-Tctracoscnoic, selacholeic. 

C26H50O2 

Ji^.Hexacosenoic, ximcnic. 

C30H58O2 

d21 .Tricosciioic, lumequic. 


Structural formula. 
CHv[CH2]7CH:CH[CH2]3COOH 
CH3[CH2]7-CH :CH[CH2]7C00H 
CH3[CH2]7CH :CH[CH2]9-C00H 
CH3[CH2]7CH:CH[CH2 ]iiCOOH 
CH3 [CH2]7 CH :CH [CH2]i3-COOH 
CH3[CH2]7CH :CH[CH2li5COOH 
CH3[CH2]7CH:CH[CH2]i9COOH 


J "-Tetradecenoio acid is present in sperm- 
head oil, and selacholeic acid in some shark and 
other Elasmobranch fish acids, and also in brain 
cerebrosides (nervonic acid, Klenk). J<>ucic, 
ximonic, and lumequic acids are purely seed-fat 
acids, and a form of J®-tetradeconoic acid occurs 


in a few Japanese seed-fats of the Lauraccm ; the 
C20 and C3Q acids have so far only boon reported 
in seed fat of one species of plant. The 
eicosenoic acid has only been encountered in the 
seed wax of Simmondsia californica. 


(c) Monoelhenoid acids of the general formula R*CH:CH-[CH2J9'COOH. 

Composition. Acid. Structural formula. 

Ci 8H3402 Jii-Octadeccnoic, vaccenic. CH3 [CH2j5 CH:CH [CH2]9 COOH 

C22H42O2 Jii-Docosenoic, cetoleic. CH3 [CH2]9 CH:CH [CH2]9 COOH 


This group, in which the J^^-eicosenoic acid 
in (6) also belongs, is a small one, and all three 
acids are specific in occurrence. Vaccenic acid 
is a solid isomer of oleic acid which accompanies 
the latter in small quantities in the depot and 
milk fats of cows and sheep; Bertram, who dis¬ 
covered it, attributes to it the structure of a 
J 11-acid (Biochem. Z. 1928, 197, 433). Cetoleic 
acid is the form of monoethenoid C22 ^^cid 
which occurs in small proportions in most fish 
and other marine animal fats; its structure was 
determined by Toyama (J. Soc. Chem. Ind. 
Japan, 1927, 30, 697). 

(d) Cyclic (cy(AoPentenyl-) mono- and di- 
ethenoid acids. 

A small group of acids, characterised chemi¬ 


cally by the presence in the fatty acid chain of a 
cyc/opentenyl ring-system 

CH2 

CH2 CH— 

I I 

CH=CH 

is found in quantity in the seed fats of Hydno- 
carpus and a few other genera of the Flacourti- 
aceds. These fats have specific therapeutic value 
in the treatment of leprosy and some other 
diseases. The chief acids of the group are as 
follows: 


Composition. 

C16H28O2 

C18H32O2 

C18H30O2 


Acid 

Hy tin ocarpic, 11 - J 2 .ej 54 cZopentenyl-n-undecanoic. 
Chaulinoogric, 13 -J 2 .cyck)pentenyl-n-tridccanoic. 
Gorlic, 13 -J ^-cycloT^eutenyl-A ^-trldecenoic. 


Structural formula. 

R [CHtIio-COOH 
RfCHilirCOOH 
R[CH2]5'CH :CHCCH2]4’C00H 
(R, j2.cyc/opeiitenyl.) 


One carbon atom in the cyc^opentenyl 
group is asymmetric, and all the natural acids 
mentioned are strongly dextrorotatory ([a]j> 
-f56° to +68°). The chemical constitution of 
ehaulmoogrio and hydnocarpio acids was out¬ 
lined by Power and BarrowcUif (J.C.S. 1905, 87, 


884; 1907, 91, 657, 563) and confirmed and 
amplified by Shriner and Adams (J. Amer. 
Chem. 800. 1925, 47, 2727). Racemic chaul- 
moogrio acid was synthesised by condensing 
Jii-cyano-undeoanoic acid and J'-^-chloro-cyc/o- 
pentene with acetoacetic ester and subsequent 
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transformation of the condensation jiroduct 
(Perkins and Cruz» ibid. 1927, 49, 1070). The 
structure of gorlio acid as a J‘^-tridecenoic acid 
was proved by Cole and Cardoso {ibid. 1938, 60, 
612). Cole and Cardoso have also shown that 
very small proportions of lower homologucs 


(0gHgO2» ^10^18^2’ ^ia^20^2> ^14^24^2^ 

of hydnocarpic acid accompany the latter and 
chauimoogric acid in seeds of some species of 
liydnocarjym {ibid. 1939, 61, 2349). (Cf. Vol. II, 
5216.) 


(e) Monoethenoid and monoethynoid acids mainly of the general formula 

RC(H):C(H)[CH2l4COOH. 


Composition. 

C18H34O2 

C18H32O2 

C18H26O2 


Acid. 

A ^'-Octa.deccnoic, pctrosoliiilc. 
d<^-Octadcnynoic, taririo. 

Octadeca-zl > ^-en-di-yiioic, crythogenic. 


Structural forraula. 
CH3[CH2]ioCH :CH[CH2]4C00H 
CHi tCHzlio C iC [CH2l4 COOH 
CH2 :CH[CH2]4C i CC i C*[CH2]7'C00H 
or 

CH2 :CHC: C[CH2]4-C j CdCHib-COOH 


A few seed-fat acids of the scries contain 
imsaturation between the 6th and 7th atoms 
of the carbon chain. The most widely distri¬ 
buted is the ethylenic potrosclinic acid, a solid 
(ra.p. 30°), isomeric witli oleic acid, discovered in 
1909 in parsley-seed oil and subsequently found 
to be characteristic of all Umbelliferous seed fats. 
It is also present in quantity in ivy seeds and has 
been observed in one species of the tropical 
genus Ficrasma. 

The acetylenic tariric acid was recognised in 
1892 to be a constituent of seed fats from species 
of Picramniay in one of which {F. sotv) it forms 
over 90% of the seed-fat component acuds 
(Steger and Van Loon, Hec. trav. chim. 1933, 
62, 593). It is the acetylenic analogue of 
petroselinic, and not of oleic, acid. 

One very rare example of an acid containing 
both ethenoid and othynoid bonds has betm 
reported in tho fats of two species of Ongokea. 
It is said to contain a terminal ethenoid linking 
(CH2;CH—) and two acetylenic groups which 
may be located either in the J'**'*- or 
jmsitions (Castille, Annalen, 1939, 543, 104). 

(/) Hydroxy-mo7ioethenoid acid. 

Practically the only higher hydroxy-fatty acid 
to be observed in natural fats (except occasion¬ 
ally for traces of 9; 10-dihydroxystearic acids. 


sometimes in the optically active (d-) form) is 
ricinoleic acid, known for many years to be the 
chief component acid of castor oil, and also 
since reported to be a major component acid of 
a very few other seed fats. It is 12-hydroxy- 
id‘'*-octadecenoic acid, 

CH3[CH2]5CH(0H)CH2CH;CH[CH2]7C00H. 

and exists in nature in tho d-form, [ajj, 4-6*7°. 
Its chemical behaviour is entirely analogous in 
many w^ays to that of oleic acid ; it is the eis- 
isomer (m.p. 5°) to which the fm/is-ricinelaidic 
acid, m.p. 52°, corresponds, and it yields tri- 
hydroxy stearic acids on mild oxidation. The 
presence of the alcoholic hydroxyl group causes 
it to form, on heating, lactide-like intermolecular 
condensation products (polyricinoleic acids or 
estolides), whilst it can be dehydrated to yield 
a mixture of and d^»i2.Q(.j;adecadienoic 

acids. 

Natural Polyethenoid Fatty Acids. 

(a) Folyethenoid acids of the general formula 

R CH:CH*[CH2]7*C00H. 

These occur almost exclusively in fats of tho 
vegetable kingdom, belong exclusively to the 
Cj8 series, and include the following : 


Com¬ 



position. 

Add. 

Structural formula. 

(i) Diethfnoid. 

Q8H32O2 

A ^»^2.0ctadccadienoic, linoleic. 

CH3*[CH234 CH :CH*CH2*CH ;CH*[CH2]7*C00H 

(ii) Triethemid. 

C 18 H 30 O 2 

J 9 , 12,15-Octadocatricnoic 
linolenlc. 

CHrCHrCH :CHCH2CH :CH*CH2*CH :CH*[CH2]7C00H 

C18H30O2 

J 9 , 11,13.0ctadecatr jenoic, 
elseostearic. 

CH3*[CH2]3*CH :CH*CH :CH*CH :CH [CH2]7 COOH 

C18H28O3 

4-Keto-2di>.n.i3.octadecatrleiU)ic, CH3[CH2l3*CH:CHCH:CH*CH:CH*[CH2]4-CO*[CH2]2COOH 

licanic. 

(iii) Tetracthenoid. 

C18H28O2 

J 9,11,13,15-Octadecatetraenoic, 
parinaric. 

CH3’CH2*[CH :CH]4*[CH2l7 COOH 


The linoleic acid of seed fats is almost cer¬ 
tainly in all cases tho same modification, namely, 
C4Vci«-.d®»i2.octadecadionoic acid. It can be 
isolated in the pure condition by repeated 
crystallisation from acetone or light petroleum 
at —70® (Brown et al., J. Amer. Chem. Soc. 1937, 
59, 3; 1938, 60, 64; 1941, 63, 1064, 1483; 
1943, 66 , 269). It yields a crystalline (m.p. 114°) 
and a liquid tetrabromostearic acid by addition 
of hromine; on debromination the crystalline 


bromo-adduct reverts to the original acid, whilst 
the liquid bromo-adduct furnishes a mixture 
of this and other geometrically isomeric forms. 
Similarly, linoleic acid fumishes two tetra- 
hydroxystearic acids, m.p. 173° and 161°, on 
oxidation with alkaUne permanganate, and two 
isomeric acids, m.p. 144° and 136°, on oxidation 
with an acidic derivative of hydrogen peroxide. 
The production of these various stereoisomers is 
considered to be the result of configurational 
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ohangeH which accompany the addition or (the site, of the double bond in oleic acid). Of 
removal of lialogen, or the oxidation, as the case these, elseostoaric acid is best known since it 
may be. Seed-fat linoleic acid can bo con- forms nearly 90% of the acids of China-wood or 
verted into geometrically isomeric forms, the tung oil. The presence of three double bonds is 
irans-trans-isomeT having m.p. 29-30° (Kass shown by the amount of hydrogen taken up 
and Burr, ibUL 1939, 61, 1002). In presence of during conversion of eheostearie acid to stearic 
excess of caustic alkali at high temperatures it acid, and their location by the production of 
is isomerised into a mixture of geometiical azelaic and w-valeric acids on ozonisation. The 
isomers of the conjugated and natural conjugated triethenoid acids or their 


octadecadienoic acids. Long-chain conjugated 
diethenoid compounds of this type show an 
absorption band in the ultra-violet at about 
230 m^., the intensity of which may bo utihsed 
in estimating the amount of these derivatives 
(Bradley and Richardson, liid. Eng. Chem. 
1940, 32, 963; 1942, 34, 237; Mitchell, Kray- 
bill, and Zscheile, Jjid. Erjg. Chem. [Anal.], 
1943, 15, 1; Hilditch, Morton, and Riley, 
Analyst, 1945, 70, 68). 

The octadecadienoic acids present in animal- 
liver, body and milk fats arc not identical with 
seed-fat linoleic acid, although this may also 
be present in tlie case of animals fed on herbi¬ 
vorous diets, especially when oil-seeds or oil¬ 
cake is included. JMainly, however, they differ 
in chemical properties from seed-fat hnoleic acid 
and, since the position of the double bonds 
appears to be the same as in the latter, it is at 
present supposed that they represent one or 
more of the other possible geometrical isomers 
of linoleic acid. 

Of the triethenoid acids, Imolenic acid re¬ 
sembles linoleic acid in that it includes the 
characteristic grouping 

—CH;CHCH2CH:CH— 

It is exclusively a vegetable (seed fat) product 
and, as already mentioned, is by no means so 
widely distributed in seed fats as linoleic acid, 
although it is a major component of a fairly large 
number of the more unsaturated (“ drying ’') 
vegetable fatty oils. Like linoleic acid, it yields 
a mixture of bromo-addition products (hexa- 
bromostearic acids) of which one is crystalline 
(m.p. 181°). Two hexahydroxystearic acids 

(m.p. 203° and 173-175°) result in comparatively 
small yields when linolenic acid is oxidised with 
alkaline permanganate. By analogy, it is highly 
probable that the natural acid is cis-cis-cis 
i5.octadecatrienoic acid, ozonisation 
having proved that the double bonds occupy the 
positions stated. In presence of excess of 
alkali at high temperatures it is isomerised, first 
to a mixture of diconjugated triethenoid acids, 
and finally to the triconjugated 12,14. 
octadecatrienoic acid (T. Moore, Biochem. J. 
1939, 33, 1635; Kass and Burr, J. Amer. Chem. 
Soc. 1939, 61, 3292). 

It should be recalled that a structurally 
isomeric linolenic acid, J®’**'i2.octadccatrienoic 
acid (thus belongmg rather to the “ petroselinic ” 
than to the “ oleic ” series of vegetable un¬ 
saturated acids) has been observed (Heiduschka 
and Luft, Arch. Pharm. 1919, 257, 33 ; Eibner 
et al, Chem. Umschau, 1927, 84, 312) to occur, 
exceptionally, in the seed fat of the evening 
primrose, CEnothera biennia. 

Elseostearic, licanic, and parinaric acids share 
in common the presence of a multi-conjugated 
ethenoid system commencing at the J®-position 


esters are much more readily converted into 
their more stable geometrically isomeric forms 
than are oleic or hnoleic compounds : exposure 
to bright light, or presence of a trace of iodine, 
is sufficient to effect the change. Natural or 
“ a ’’-eheostearie acid, m.p. 49°, is thus trans¬ 
formed into a higher-melting isomeric (“ p ”- 
eheostearie) acid, m.p. 71°. The products 
formed by the union of both forms of the acid 
with atmospheric oxygen on the one hand, and 
with maleic anhydride (Diels-AIder condensa¬ 
tion) on the other, have been studied in con¬ 
siderable detail by Morrell and co-workers (J. Oil 
Col. Chem. Assoc. 1929, 12, 183; J.S.C.I. 1931, 
50, 33t; J.C.S. 1932, 2251), who have suggested 
that the difference between the a- and ^-acids 
hes in configuration (e.gr., cis^cisdrans- and 
trans-cia-cis-) of the ethenoid groups. 

The union of maleic anhydride with two of the 
three conjugated bonds of elseostearic and 
similar derivatives has been made the basis of 
quantitative determination of these conjugated 
acids or glycerides (EUis and Jones, Analyst, 
1936, 61, 812; Kaufmami and Baltes, Fette 
u. Seifen, 1936, 43, 93), whilst they may also 
be determined by the intensity of the absorption 
band which they exhibit in the ultra-violet 
spectrum at about 270 mg.. (Bradley and 
Richardson, op. cit.). 

Licanic acid, mainly present in oiticica oil 
from the fruits of Licania riyida, is at present 
unique amongst natural fatty acids in that it 
contains a ketonic group. The natural or “ a ”- 
licanic acid melts at 74-75° and is transformed 
by light in presence of traces of iodine or sulphur 
to the more stable “ p ’’-licanic acid, m.p. 99-6°. 
Its structure was established by Brown and 
Farmer (Biochem. J. 1935, 29, 631 ; J.C.S. 1935, 
1632). Its behaviour with maleic anhydride is 
similar to that of eheostearie acid (Morrell and 
Davis, ibid. 1936, 1481). 

Parinaric acid is also at present unique as a 
conjugated tetraethenoid fatty acid. It occurs 
in quantity in the seed fats of Parinurium 
laurinum (Tsujimoto, J. Soc. Chem. Ind. Japan, 
1933, 86, IlOB, 673B) and P. glaberrimum 
(Frahm, Ing. Ned. Indie, 1941, 7, 92). The 
natural or “ a ’’-acid melts at 85-88° and the 
more stable “ P ’’-acid at 95-96°. Its structure 
was determined by Farmer and Sunderland 
(J.C.S. 1935, 759). Its ultra-violet absorption 
spectrum is very similar to that of decatetraene 
(Kaufmann et al.f Fette u. Seifen, 1938, 45, 302). 

(5) Poly ethenoid acids of the 02 q> ^22 (^i8 
and Cig) aeries. 

The acids falling under this heading are chiefly 
those of fats from aquatic organisms, together 
with those of related fats of certain land-animal 
organs and tissues. In the marine-animal oils 
these highly unsaturated acids weye first 
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definitely noted by Tsujimoto in 1906 who at 
that time believed the highly unsaturated acids 
of sardine oil to bo an individual, “ clupanodonic 
acid,” of the formula CjgHgeOg, but in 1920 
noted that its carbon content was greater, and 
suggested the formula for a penta- 

ethenoid acid. In the meantime it had become 
recognised that unsaturated acids of both the 
C20 C02 series were commonly presemt in 

fish oils and that po8sit)Iy, in each series, acids 
ranging from tri- to hexa-ethenoid were present. 

The present state of our knowledge of this 
group of acids may be summarised as follows. 
The highly unsaturated acids in question arc 
relatively unstable and, by the action of either 
heat or alkali, or both, tend to undergo eyedisa- 
tion or polymerisation, with consequent loss of 
unsaturation. It is therefore uncertain wht^ther 


in all cases the materials prepared for constitu¬ 
tive investigation by processes such as saponifi¬ 
cation with excess of alkali, fractional distilla¬ 
tion at or above 2(K)°, etc., represent the original 
unsaturated individuals or their transposition 
products. A great deal of much painstaking 
work, undertaken notably by Tsujimoto and by 
Toyama, may be partly open to question on 
these grounds. But at least the work of these 
investigators has shown that polyethenoid un- 
saturation in marine animal oils extends over 
acids of the ^20' ^22* ^24* and ^26 

series, and that with increasing molecular weight 
the degree of unsaturation and the amount of 
highly unsaturated acids j)resent in the glycerides 
both undergo increase. Thus the workers men¬ 
tioned showed that small proportions of a tri- 
ethenoid acid and larger amounts of a tetra- 
ethenoid C^g acid are frequently present, wdiilst 
tetra- and penta-ethenoid €2(3 acids, and hexa- 
ethenoid C22 ^i'0id8 often occur abundantly in 
fish oils. Benta- and hexa-ethenoid C24 and 
even Cgg acids hav^e also been reported occasion¬ 
ally in very small proportions. It is also estab¬ 
lished that conjugated unsaturation is absent 
from these acids, and that the characteristic 
groupings are the :CHCH2*CH: system already 
familiar in th^ vegetable polyethenoid acids, 
together with a considerable proportion of 
groups of the form :CH [CH2]2 CH:, w hich give 
rise to succinic acid on oxidative disruption. 
The terminal group :CH-[CH2]7 COOH, so 
characteristic of many ethenoid acids in addition 
to oleic acid, and of vegetable polyethenoid 
acids, is not present in the highly unsaturated 
acids at present imder discussion, in which the 
terminal grouping is more usually, but perhaps 
not always, 

Distillation, or rather evaporation, of esters 
of these highly unsaturated acids in the ” mole¬ 
cular still ” effects their separation without 
exposure to temperatures exceeding 120°, and 
at any one passage through the still the time 
of exposure to this temperature does not exceed 
two minutes. Consequently rearrangement of 
the unsaturated systems is avoided by this 
means, and a study of cod-liver oil esters by this 
technique indicated that the numbers of ethenoid 
linkings in each of the homologous series was 
Cjtj, 3; Cjg, 4; Co©* ^22* 6; and ^24* 0 
(Farmer and Van der Heuvel, J.S.C.I» 1938, 
67 , 24; J.C.S. 1938, 427). These investigators 


also show^ed that the acid CgaHggOg is non- 
conjugated and yields w-behenic acid on oxida¬ 
tion and that, from the products it yields on 
oxidation with alkaline permanganate, it con¬ 
tains four -.CH-CHg-CHl: groups and one 
:CHj:CH2]2CH: group between the terminal 
groups CHgCH: and :CH[CH2]2COOH. 
Similar constitutive data, possibly subject to 
slight uncertainty for the reasons already stated, 
have been given by Japanese workers for other 
highly unsaturated fish-oil acids of the com- 


positi^m Cj 0H26O2, ,CjgH2802, C20H32O2 


and 


^20^30^2’ ^22^34^2 and 

^ 24 ^ 36 ^ 2 ’ ^ 26 ^ 42^2 ^ 26 ^ 40 ^ 2 " 

As already mentioned, similar acids, notably 

...._\ /-» LJ 1 _ 


arachidonic (oicosatetracnoic), CgoHggOg, 


have 


also been observed in small quantities in the 
fiver and other organic or gland fats, and some¬ 
times in traces in the depot fats, of land animals. 
J. B. Brown (J. Amer. Chom. ISoc. 1930, 52, 
1135; 1934,56,2149; J. Biol. Chem. 1934,107, 
607, 615; 1940, 134, 331 ; 1942, 142, 671) con¬ 
siders arachidonic acid to be the only higher 
polyethenoid acid in these land-animal fats, but 
other w'orkers believe both Cgo and C22 acids 
to be present in most instances. The araehi- 
donic actid of the land-animal fats is apparently 
j6,8,ii, I'i-eicosatetraenoic acid (I. Smedlcy Mac- 


Lean et al.y Biochem. J. 1940, 34, 1422 ; Brown 
el al., J. Biol. Chem. 1942,142, 679). 


I NATURAL FATS OF TECHNIOAL OK 
POTENTIAL VALUE. 

The natural fats have been discussed in the 
previous pages from the standpoint of their 
chemical constitution, and it will have become 
clear that the most logical and systematic 
classification of those products (in terms of their 
component acids) is that which follows their 
place of origin in the biological scale of living 
matter, vegetable and animal. In describing 
the chief fats which find or may find industrial 
applications, it is more convenient to group 
them somew^hat differently, according partly 
to their physical consistency and (amounting 
to some extent to the same thing) partly to their 
utility for specific technical purpose—edible 
fats, soaps, paints, etc. The various types of 
natural fats will bo considered under the 
following headings: 

VEGETABLE FATS. 

I. Solid Fats: 

(a) Fruit-coat fats: Palm oil, Chinese veget¬ 
able tallow, Japan w^ax, etc. 

{h) Seed, fats—Nut oil group: Coconut, palm- 
kernel, and other Palmm fats. 

(c) Seed fgts—Laurie and myristic group: 
Lauracese and Myristicacese fats. 

{d) Seed fats — Palmitic-rich fats: Baobab, 
phulwara, Java almond, etc. 

(e) Seed fata — Ste.aric-rich fats: Cacao buttoi, 
Borneo tallow, shea, mowrah fats, etc. 

(/) Seed fats rich in arachidic or lignoceric 
acid. 

(g) Seed fats—Chavlmoogra groups: Chaul- 
moogra, hydnocarpus, lukrabo oils, etc. 



16 


OILS (FATTY) AND FATS. 


J I. Liquid Fats : 

(а) Oleic or “ non-drying ” type: Olive, 
groundnut, almond, rape, mustard, castor oils, 
etc. 

{b) Linolcic or “ semi-drying ” type: Cotton¬ 
seed, maize, sunflower seed, sesam 6 oils, etc. 

(c) Linolenic or “ drying ” type: Linseed, 
periUa, safflower, hemp-seed, soya-bean oil, etc. 

(d) Cojijnyated (“ drying ”) type : China wood 
(tung), oiticioa oils, etc. 

LAND-ANIMAL FATS. 

I. Body Fats : 

{a) Solid fats: Lard, beef, and mutton tallow, 
bone fat, etc. 

( б ) Liquid fats: Neat’s-foot oil. 

II. Mn.K Fats : Cow butter, ghee, etc. 

MARINE-ANIMAL FATS. 

I. Fish Oils (Body or Liver) : Cod-liver, 
herring, sardine, menhaden, shark-liver oils, etc. 

II. Mammalian Oils ; Whale, seal, dolphin, 
etc. Sperm-whale oils. 

The treatment of each group includes tabu¬ 
lated data (i) for fats already in technical use 
and (ii) for other related fats which may be 
considered as possible sources of similar fats in 
addition to those at present available. The 


data include the chief analytical characteristics 
(usually only the average range of saponification 
and iodine values) and also detailed analyses 
showing the typical proportions of the character¬ 
istic acids of each fat (minor component acids, 
unless definitely characteristic of a fat, are not 
always included). The detailed analyses are 
quoted from communications published during 
the past twenty years by investigators in various 
countries, notably Great Britain, the United 
States, Holland, and Russia. The tables are 
supplemented by individual description of the 
more important fats (or by references to other 
articles in this Dictionary dealing with them) 
and by indications, where desirable, of other fats 
which might be available to supplement such 
fats. 

VEGETABLE FATS. 

T. SOLID FATS. 

(o) Fruit-uoat Fats. 

The most important solid fruit-coat fat from 
the industrial standpoint is pahn oil, from the 
flesh of the fruit of the West African oil palm 
Klmis guineensis. Two other fats of still higher 
melting-points, Chinese vegetable tallow and 
Japan wax, find restricted applications in some 
directions. The general composition of aU these 
fats, and of some other fruit-coat fats similar to 
palm oil, is given in Tabic III. 


Table HI.— Solid Fruit-coat Fats. 


, Fat. 

Species. 

Habitat. 

Sap. 

value. 

Iodine 

value. 

Chief comp 

Saturated. 

oneiit acids. 

Unsaturatod. 

Palmi¬ 
tic, %. 

Stearic, 

%. 

Oleic, 

%. 

Lino- 

Ieic,%. 

Japan wax. 

lihus sp. 

Snb-t topics. 

220 230 

8-10 

77 

5 

12 

__ 

Chinese vegetable 

Stillingia sehi- 

Cliina, Florida. 

200 

28-38 

CC-CO 

1 3 

21-25 

— 

tallow. 

fera. 








Palm oils: 

Elceis guineensin. 


106-210 

51-58 





Plantation. 


Congo, Malaya, 



40-43 

3 5 

40-45 

6-10 



Sumatra. 







Native. 


Nigeria. 



37-40 

3-C 

40-47 

6~10 



Cameroons,Niger, 



38-40 

2-6 

42-44 

9-10 



Gold Coast. 









Ivory Coast, 



34-35 

6-6 

48-52 

6—8 



Sierra Leone. 







»» 


Liberia. 



32-35 

5-6 

50-62 

7-8 


OVier fruit-cc 

)at fats similar in cc 

mpositio 

n to Pah 

n oil. 




Cacao bean shell. 

\ Theobroma cacao. 

W, Indies, W. 

180 

40-65 

60-65 

32-40 

7-14 



Africa, etc. 







Piqui-a. 

Caryocar sp. 

Brazil, E. Indies. 

195 

48 

41 

1 

54 

3 

Java almond. 

1 Canarium, etc. 

£. Indies. 

197 

57 

34 

3 

00 

4 


sp. 









Japan Wax (v, Vol. VII, 78a). 

Chinese Vegetable Tallow (v. Vol. Ill, 
33a). 

Palm Oil, which forms 30-60% of the fleshy 
part of the fruit of the West African oil-palm, 
is of much greater technical importance than the 
preceding fiits. It is used in very large quanti¬ 
ties in the edible-fat and soap industries, and to 
a lesser extent in the process of manufacture of 
tin-plate. Palm oil was originally extracted by 
primitive methods by the West African natives, 
the material product being a fairly hard fat. 


often yellowish-brown rather than red in colour, 
and containing up to 30% or more of free fatty 
acids; these were usually termed Congo palm 
oils in the trade. Better qualities of native- 
produced palm oil, known as Lagos, Bonny, etc., 
palm oils, contain usually not above 10% of 
free fatty-acids, are softer in consistency and 
clearer red in colour. The red colour of palm 
oil is due to minute proportions of carotene and 
xanthophyll, and is removed by agitation with 
activated fuller’s earth, or, when the oil is to be 
used in soap, it may be bleached by gentle 
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oxidation with dilute chromic acid or moist air. 
A very large proportion of palm oil is now 
obtained from plantations of the oil palm culti¬ 
vated in the Belgian Congo, Nigeria, and other 
parts of West Africa, and also in Sumatra»and 
Malaya. Under these conditions much more 
care can be given to the collection, sterilisation 
and rapid extraction of the pulps by pressure or 
centrifuging after agitation with water and 
steam, and the plantation palm-oils are bright 
red in colour, sweet smelling, with a content of 
only 3-5% of free fatty-acids. 

Plantation oil-palms are almost wholly the 
offspring of palms of the Lagos or allied variety, 
and, as indicated in Table III, their composition 
is on the whole remarkably constant. Most of 
the West African native palm oils have a similar 
mixture of component acids, with about 40% 
each of palmitic and oleic acids, and up to 10% 
of linoleic acid; but in a few native palm-oils 
from the the western coastal regions of West 
Africa the palmitic acid is only about 32-35% 
whilst the oleic acid content approaches 50%. 
Palm oils contain small proportions (about 
S“^%) of tripalmitin and tri-“ olein ” * (the 
latter being probably linolcodlolcins) and to 
this extent depart slightly from the “ rule of 
even distribution.” The chief component gly¬ 
cerides are, however, “ oleo ’’-dipalmitin and 
palmitodi-“ oleins ” (which together make up 
about 75% of the whole fat), with small propor¬ 
tions of “ oleo ’’-palmitostearin (about 10%) 
and palmitostearins (about 3%). Palm oils 
melt at about 27-30®. 

Although future development of the palm-oil 
industry wiU probably ensure adequate supplies 
for its different technical uses, it may be noted 
that the fruit-coat fats of the cacao-bean, piqui-a. 


and Java almond (Table III) and the seed fats 
of the two latter species, and of Pachira, baobab, 
and phulwara kernels (Table VI) are also rich 
in palmitic and oleic acids and could probably 
be utilised as palm-oil substitutes. 

(h) SisED Fats: Nut Oil (Palmar) Group. 

Coconut and palm-kernel oils are amongst the 
most largely used vegetable fats, finding ex¬ 
tensive applications in edible oils (margarine) 
and many high-grade types of soap; sub¬ 
ordinate, but still important, are the use of the 
solid pressings (“ coconut stearin ”) of coconut 
I oil in confectionery fats, and the conversion of 
coconut or palm-kernel oils by high-pressure 
catalytic reduction into a mixture of higher fatty 
alcohols corresponding with the original acids 
present in the fat. The sodium salts of the 
monosulphates of these alcohol mixtures find 
increasing use in the modern detergent industry. 

Wliilst coconuts and the oil palm (which yields 
palm-kernel oil) are chiefly cultivated in planta¬ 
tions, which can probably meet the normal trade 
demands for fats of this type, it should be noted 
that a number of other kernel fats of the palm 
family could be utilised equally well for the 
same purposes, since the component acids of 
most of the Palmar seed fats are extraordinarily 
similar in composition. A few of them, e.g., 
babassu and murumuru, have already appeared 
on the market, and a number of others of 
potential service are listed in Table IV. Factors 
which must influence their utilisation in practice 
are, however, the length of time taken by some 
species to come into bearing, the excessive 
proportion of hard or tough shell to kernel in 
some instances, and the proportion of fat in the 
kernel. 


Table IV. —Seed Fats of the Palm Famjly. 





Fat 




Chief component acids. 


Fat. 

Species. 

Habitat. 

con¬ 

tent 

(ker- 

nel), 

Sap. 

value. 

Iodine 

value. 


Saturated. 


Oleic, 

%. 

Liao- 
leic, %. 



Cg, 

/O* 

Cio, 

/o • 

Cl2, 

o 

/(>• 

Cl4, 

Cl6, 

%. 

Coconut. 

Cocos nuci- 
fera. 

Tropical 

Coasts. 

OO-fi,") 


8-10 

8 

7 

45 

18 

9 

8 

2 

Palm 

kernel. 

JSlceis 

guineensis. 

W. Africa, 
etc. 

45-50 

•243-250 

15-18 

3 

7 

47 

15 

9 

18 

1 

BabasMU. 

Attalea funi- 
fera. 

Brazil, W. 
Africa. 

03-70 

247-253 

12-10 

6 

3 

40 

20 

7 

18 

— 

Cohunc. 

A. cohufie. 

Honduras, 

05-70 

252 25(3 

11-14 

7 

7 

40 

10 

9 

10 

1 

Ouri- 

coury. 

A. ercelsa. 

Central andS. 
America, 

70-73 

250-25(5 

10-10 

9 

8 

40 

9 

8 

13 

2 

Muni- 

muru. 

Astrocaryum 

muru¬ 

muru. 

Brazil. 

36-42 

237-242 

11-12 

1 

2 

43 

37 

5 

11 

1 

Tucuma. 

A. tucuma. 

Brazil, W. 
Indies. 

35-40 

240-245 

10 -14 

1 

1 

4 

49 

22 

0 

13 

2 

Grugru. 

Acrocomia 

sclero- 

Brazil, W. 
Indies. 

50-00 

245-255 

10-20 

8 

5 

45 

13 

8 

16 

1 

Betel nut. 

scarpa. 

Areca 

catechu. 

Pacific Is. 

? 

230-235 

20-24 


1 

45 

22 

3 

20 



All the fats in Table IV contain as their cliief 
component lauric acid (45-50%), the* next most 
abundant being myristic acid (usually about 
20 %) with minor proportions of octanoic, 

♦ The tenuB ” olein,'* ” oleic/’ ** oleo-/’ indicate 
that minor proportions of linoleic acid (or glycerides) 
are inoluded with oleic acid (or glycerides). 


decanoic, palmitic, and oleic acids; stearic and 
linoleic acids do not exceed more than 1 or 2% 
in any instance. Certain subordinate differences 
in composition are noticeable. In coconut and 
some other fats the oleic acid content is 10% 
or less, but in another group (which includes 
palm-kemol oil) this rises to from 15 to 20%. 
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Again, whilst coconut and a few other fats 
include about 7% each of octanoic and decanoic 
acids in their component acids, in the seed fats 
of other species there is sometimes less of one 
or both of these acids (in those of Aairocaryum 
species they only amount to 1-4%). The com¬ 
ponent glycerides of the nut oils conform closely 
to the “ rule of even distribution ” and are con¬ 
sequently a complex mixture. The relatively 
small .proportion of unsaturated acids is present 
in the form of about 4 parts of mono-“ oleo 
disaturated to 1 part of di-“ oleo ’’-rnono- 
satmated glycerides, and the bulk of the fats 
(80-85% in coconut, and G3-()()% in palm-kernel 
oil) consists of fully saturated glycerides con¬ 
taining three saturated octyl groups. One lauric 
acyl group is probably present in all, or very 
nearly all, the triglyceride molecules, and a con¬ 
siderable proportion of the latter may contain 
two lauric groups, but irilaurin has not been 
detected in either (ioconut or palm-kernel oils. 
Myristic acid probably occurs on(*e, and occasion¬ 
ally twice, in many of the triglyceride mole- 
(“ules, but the rest of the component acids will 
as a rule contribute only one acyl group to some 
(and none to others) of the triglyceride mole¬ 
cules. Thus there will be many individual 
glycerides present, practically all of which will 
contain one, and some two, lauric ac^d groups. 
The most abundant component (and the only 
one which has been definitely isolated by 
fractional crystallisation from coconut and palm- 
kernel oils) is dilauromyristin ; others doubtless 
present are laurodimyristin, lauromyristo-olein, 
caprylolauropalmitin, etc. 

Most fats of this group become liquid at about 
25-28°, but murumuru fat melts somewhat 
higher (over 30°). 

Coconut Oil {v. Vol. Ill, 238a, 243a). 
Palm-kernel Oil {v. Vol. Ill, 243a, c). 

It is difficult to give close figures for the 
world production of these oils, but immediately 
prior to 1939 the annual production of coconut 
oil was of the order of 500,000-600,000 tons, and 
of palm-kernel oil about 250,000-270,000 tons. 

Possible Substitutes for Coconut and 
Palm-kernel Oils. —It will be seen from 
Table IV that a number of other kernel fats of 
the Palmai could be equally well utilised in 
place of coconut and palm-kemel oils. In view 
of the extent to which the latter fats are now 
produced from plantation palms it is perhaps 
doubtful whether the demand for fats of this 
type wUl not be wholly met in future from these 
two sources. Nevertheless other fats of the 
group have appeared in commerce from time 
to time, although the quantities are so far very 
small compared with the consumption of coconut 
and palm-kernel oils. Bahdasa-kernel fat {v. 
Vol. Ill, 243d) (from Atlalea funifera) is the 
most prominent of those, and has been imported 
into Europe as well as the United States; it 
grows both in parts of French West Africa and 
in Brazil and other parts of South and Central 
America. The kernels of two other species of 
AUalea, ouricoury nuia, and cohune nuts {v, 
Vol. Ill, 243d), have also attracted some 
interest; the former, from Central and South 
Anaerica, has received some notice in the 
United States, whilst the cohune palm is abun¬ 


dant in the wild state in British Honduras, but 
difficulties of collection and the largo proportion 
of nut to kernel are probable obstacles to its 
wider utilisation. The kernel fat of the muru¬ 
muru palm {v. Vol. Ill, 244a) {Astrocaryum 
mururniira) of Brazil has also come on the 
market in comparatively small lots. Murumuru 
and cohune fats incline to the coconut type in 
composition, and babassu and ouricoury fats 
rather to the palm-kemel typo. So far as is 
known, the parent palms have not been culti¬ 
vated, the fruits being gathered from native 
forest trees; it would appear that any serious 
competition with coconut or palm-kernel oils 
will demand systematic cultivation on lines 
similar to those now employed in the coconut 
and oil-palm plantations. 

(c) Seed Fats Rich in Lauric and Mvristic 
Acids. 

In addition to the Palrnai kernel fats, typically 
rich in lauric and (to a less degree) myristic acids, 
the seeds of (iertain other tropical plant families 
contain fats rich in either or both of these acids. 
Although up to the present none of those fats 
have found any special industrial application, 
reference should bo made to a few of them be¬ 
cause (a) fats which are very rich in one of these 
acids may come to have some importance when 
lauric (or myristic) acid is demanded technically, 
either for itself or for reduction to the corre¬ 
sponding long-chain alcohol; (b) srnne of the 
fats may be of potential interest to the con¬ 
fectionery trade. The more interesting members 
of this group are therefore given in Table V. 

Of the lats in Table V, those of the Lauracem 
and My) isticacem are extremely rich in lauric or 
myristic acids, respectively, and could serve as 
technical sources of these acids; whilst dika {v. 
Vol. IV, 3d) and khakan fats {i\ Vol. Ill, 244/>) 
might possibly bo of interest in confectionery by 
reason of the comparatively simple mixture of 
mixed glycerides (lauromyristins) of which they 
consist. The presence of high proportions of 
glycerides such as trilaurin, trimyristin, or 
lauromyristins causes most fats of this group 
to be hard and brittle in texture although their 
melting-points are not above 40-45°c. Coloured 
resinous compounds accompany several of the 
Lauracess and Myristicacese fats in the seed 
endosperms. 

(d) Seed Fats Rich in Palmitic Acid. 

The seeds of a number of tropical plants con¬ 
tain white or cream-coloured solid fats some¬ 
what resembling palm oil in composition and 
physical properties. They may be regarded as 
potential substitutes for the latter, although it 
would appear that the production of palm oil is 
sufficient to meet the normal demands for fat 
of this type. The general characteristics of 
some seed fats of this nature are given in 
Table VI. 

(c) Seed Fats Rich in Stearic Acid. 

These are found in the seeds of a few tropical 
families (notably Sapoiacese, Guttiferm, and 
Diptefocarpacese) and fall into two groups : 

(i) Fata containing not more than 40% of oleic 
acid, and consequently consisting largely of 
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Table V.—Seed Pats Kicii in Ladbio and/oe Mvristio Acids. 


Eat. 

Species. 

Ha])itat. 

Eat 

con¬ 

tent 

(seed), 

%. 

Sap. 

value. 

Iodine 

value. 

Chief component acids. 

Laurie, 

% . 

Myris- 

tic, 

%. 

Palmi¬ 

tic, 

%• 

Oleic, 

0 / 

/o. 



Eamily 

Laurace 

(B. 







Aetinodap/nie sp. 

1 ndia. 

70 7,^ 

280- 285 

8-15 

90-95 

_ 

_ 

10-5 

(Jiiiiiainon. 

CmnairumiunL 

J, 

40 

280-285 

4 -5 

95 


__ 

5 


ca7nphora. 









Et^vor bUKh. 

Lindera be main. 

N. America. 

45 

284 285 

1-2 

95 

_ 


5 

'J’aiiKkallak. 

Jjf'pidadenia 

E. Indies. 

50 

270 

0 

' 87 


_ 

13 


wiijhtiana. 










Lftsea .sj). 

India, E. Asia. 

45-55 

245 270 

5 40 

70-95 

_ 


30 5 


Neahtma involn- 

<k*vIon. 

00 

255 

22 

85 

4 

_ 

4 


crata. 











Family MyrUtica 

ceve. 






Nutmeg. 

MyrUtica frag- 

E. Indies. 

40 45 

180 

30 

2 

77 

10 

10 


ra/ifi. 









Ochoko. 

Ochoaoa gaboni. 

W. Africa. 

09 

238 

2 

_ 

98 

__ 

2 

Kombo. 

PycnanthiiH kambo. 

Sierra Leone. 

00 

225 i 

07 

5 

02 

4 

0* 

Virola. 

Virola narina- 

S. Amerl<‘a. 

70 

230 

14 

15 

73 

5 

6 


rnensi.s. 









()t(^l)0. 

V. otubo. 

J, 

05 

200 

14 1 

21 1 

73 

1 

5 

Uciibuba. 

V. bicuhyha. 


05 

220 

10-15 i 

5 

73 

11 

11 



* Al.so 23% tetradceenoic acid 








Family Simarubacece. 






Dika. 

Jrringia barteri. 

Nigeria. 

55 05 

240 

10-15 

39 

50 

— 

11 

> > 

/. yahonensis. 


55-05 

240-250 

3-5 

59 

33 

2 

2 

1 

/. Oliveri. 

Indo-iliina. 

55 00 

235 

0 

39 

50 

1 

— 

5 



Family Salvadoracea:. 






Khakan. j 

j Salvadora oleoide.s. 

India, E. -Asia. 

40 

230-235 

1 5- 6 

1 20 

1 55 ' 

1 

1 


Table VJ.— Seed Fats Rich in Palmitic Acid. 









(diief comiionent 1 




Fat 





acids. 





eon- 

M.P., 

C. 

Sap. 

\ alue. 

Indine 

value. 




Fat. 

Speei<‘.s. 

Habitat. 

tent 

(seed), 

Palmi¬ 

tic, 

Stearic, 

()l(‘ic, 




%. 





/o. 

/O. 

Baobab. 

Adannouia .sj). 

India, Mada¬ 

40 00 

25-35 

190 

55-65 

37 

2 

42 



gascar. 






2 

60 

Pili nut. 

Vanariimi pachy- 

E. Indies. 

70 

30 

190-200 

50-00 

38 


phyllum. 




195-200 

t 

48 


46 

Piqui-a. 

Caryocar villomm. 

E. Indies, Brazil. 

55-00 

30-35 

50 

1 

Pad lira. 

Pac/iira aquatica. 

tUmgo. 

40 

30 

200- 20f) 

55-00 

40 

— 

43 

Plmlwara. 

Madhuca (Jiassia) 

' India. 

00 05 

40-45 

190-200 

38-40 

55 

4 

30 


butyracca. 










oleodisaturated glycerides .—These possess com¬ 
paratively low melting-points (30-'35°) and also 
a hard, brittle texture, so that they are specially 
useful as confectionery (chocolate) fats. Cacao 
butter is the most valued fat in this class, but 
several of the others quoted in Table VII are 
used, or usable, as substitutes for cacao butter. 

(ii) Fats containing more than 40% 0/ oleic 
acid .—With increasing proportions of oleic acid 
in the fats, the amount of dioleo-glyceridos aug¬ 
ments rapidly and the texture of the fats at 
ordinary temperature becomes softer and more 
pasty: Some of the fats in this sub-group are 
used to a certain extent for margarine, wliilst the 
“ stearin ” obtained by pressing the fats is often 
rich enough in oleodistearin to acquire the 
more rigid consistency desirable in confectionery 
fats, 

A number of the fats in both groups contain 


substantially only stearic and oleic acids and 
could therefore serve if required as techni(;al 
sources of stearic acid or tristearin. 

Cacao Butter {v. Vol. II, 183d). The 
brittleness coupled with low melting-point, 
which is the characteristio physical property 
of cacao butter, is due to its specific composition. 
With somewdiat less than 40% of oleic acid in 
the fat, its glycerides consist of about 75% of 
raono-oleo-disaturated and nearly 25% of dioleo- 
glycerides ; the saturated acids are a mixture of 
palmitic and stearic acids, and about 55% of 
the fat consists of oleopalmitostearin^ with 
about 20% of the somewhat higher-melting 
oleodistearin. This combination of properties 
is particularly fortunate since, of course, it is 
also unnecessary to remove the characteristic 
flavour of the fat by refining when it is to be 
used for chocolates. 
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Table VII.—Seed Pats Rich in Stearic Acid {>40% Oleic Acid). 





Fat 

M.p., 

*’0. 

Sap. 

value. 

Iodine 

value. 

Chief component 
acids. 

Fat. 

Species. 

Habitat. 

tent 

(seed), 

o/ 

/o. 

Palmi¬ 

tic, 

Stearic, 

%• 

Oleic, 

%• 

Cacao butter. 

Theobrema cacao. 

'J’ropics. 

50-.55 

33-35 

102-19.3 

36-42 

24 

35 

39 

Borneo tal¬ 

Shorea aptera. 

K. Indies. 

45-50 

28-37 

192-19(5 

34-37 

20 

43 

3/ 

low. 

.Tvokuin, 

Oarcinia indica. 


30 

40 -45 

187-191 

40-45 

2 

56 

40 

Bouanclja, 

Mkaiiyi. 

Allanblackia sp. 

E. and W. 
Africa, 
J^igeria. 

C7-V0 

40-45 

187-192 

38-44 

0-2 

52-56 

37-40 

Njatuo 

Palaquivm. oh- 
longifolivni. 

E. Indies. 

50-55 ! 

38-40 

190-200 

35-40 

C 

54 

40 

Surin. 

Payena lancifolia. 


50-55 1 

45-50 

185-190 

45 


58 

42 


Other hits liav^o been sought as supplements 
for cacao butter, including the “ stearins ” 
obtained by pressing from coconut and palni- 
kernel oils, and also shea butter (v. infra) or its 
pressed “ stearin,” Further possible substitutes 
for cacao butter are dika-nut fat (v, supra) and 
the Oarcinia and Allanblackia fats which are 
referred to below. The only one which has 
been used at all extensively so far in place of 
cacao butter is, however, Borneo tallow. 

Borneo Tallow (?;. Vol. II, 31c). 

Another group of fats, including those of the 
nuts of Allanblackia species of Western and 
East Africa, kokum butter {Oarcinia indica) 
from India, and the East Indian njatuo and 
surin fats, are made up of about 40% oleic acid 
with the remainder almost wholly stearic acid, 
so that they consist of 75-80% of oleodistearin 
with 25-20% of stearodiolein. Such fats are 


ideal for confectionery from the point of view 
of texture, but the prepondorenoe of oloo- 
distearin, which melts at 44-45°o., renders the 
melting-point somewhat high for confectionery 
purposes. Other fats of related species or 
genera, which contain more oleic and less stearic 
acid {cf. below), might by pressing yield 
“ stearins ” of more appropriate melting-point 
and suitable texture; these include those of 
other Oarcinia species (gamboge and gurgi 
butters), kanya and shea fats, Malabar tallow, 
and some others. 

(ii) Fats containing more than 40% of oleic 
acid ,—A number of other fats, which, in addition 
to oleic acid, contain little but stearic acid as the 
remaining component, are listed in Table VIII. 
Of these shea, mowrah, and illipe butter, and 
perhaps .Baku fat, have received some technical 
attention from time to time. 


Table VlII.— Seed Fats lUcii in Stearic Acid (>40% Oleic Acid). 





Fat 

con- 

M.p., 

Sap. 

value. 

Iodine 

value. 

Chief component 
acids. 

Fat. 

Species. 

Habitat. 

tent 

(seed), 

Palmi¬ 

tic, 

0/ 

/o- 

Stearic, 

%• 

Oleic, 

0/ 

/o* 

Shea. 

Biiiyrospennum 

W. Africa. 

50 

25-32 

180-196 

56-62 

6-8 

36-41 

49-60 

Mowrah. 

parkii. 

Madfmca (Bassia) 

India. 

50-55 

25-30 

187-194 

58-03 

16-24 

25-19 

45-43 

lUipd butter. 

latifoiia. 

M. (B.) longifolia. 

India, Ceylon. 

55 57 

2,5-29 

186-200 

50-64 

28 

14 

49 

Baku, 

Mimusops 

W. Africa. 

45-50 

30-35 

188-192 

50-60 

4 

36 

69 

Duinori. 

Gamboge 

(Dumoria) ap. 
Oarcinia cambogia. 

India, 

30 

35 

198 

70 


30 

70 

butter. 









Gurgi nut. 

0. morella. 

W. Africa. 

30 

33 

195 

55 

1-7 

46-42 

49-44 

Kanya. 

Pentadesma buty- 

55-60 ' 

30-40 

186-197 

45-50 

5 

46 

48 

Malabar tal¬ 

racea. 

Valeria indica. 

India. 

50 

36-42 

189-192 

40-50 

10 

39 

48 

low. 







Java almond. 

Canarium ap. 

E. Indies, 

32 

32-34 

186-190 

63 

11-30 

40-10 

44-40 


Shea Fat {v, Vols. I, 6546; II, 108d; III, 

886 ). 

Mowrah Fat (v. Vol. II, 663fl). 

Baku Fat, from the nuts of various species 
of Mimusops which are abundant in West and 
Central African forests, is a product of similar 
type to shea fat and i^ould be equal to the latter 
in technical value. 

The other fats quoted in Table VIII are 
probably only a selection of those o^^^lar 
nature and properties which are foutf^H|ph|£ 


tropical nuts and seeds, but at present they await 
development and introduction into the fat 
industries. 

(/) Seed Fats Rich in Araohidic or 
Lignooerio Acids. 

A few solid seed fats from certain species 
belonging to the families Legwminom (Mimo- 
soidse)^ and Sapindacess are unusually rich in 
arachidio or lignooerio acids. These fats hare 
hitherto found no special technical applicationi 
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and aro mentioned hero solely as convenient fatty oil. They are specifically important, 
sources of natural arachidic (n-eicosanoic) and however, owing to their therapeutic value in the 
lignoceric (w-tetracosanoic) acids. treatment of certain diseases, notably leprosy; 

The seed fats of the following trees and shrubs and they are interesting because they contain 
contain arachidic acid in proportions varying acids (chaulmoogric, hydnocarpic, and gorlic) 
from 20-30% of the mixed fatty acids (stearic which contain a cycZopentenoid ring-system at 
acid is usu^y also present in these fats): the end of the chain of carbon atoms, and thus 
Penfadethra species (West Africa and Brazil), possess the general formula 
Nephelium species (rambutan and pulasan r^u-, 

tallows. East Indies), Sapindus trifoliatus (soap- 


nut, India), and Schleichera trijuga (kusum or (c/. p. 126). The fats of this group all occur 


macassar, India). 


in the seeds of species belonging to the family 


The nut of the coral tree of India, Adenanthera Flacourtiacese, but it should be noted that some 
pavonina, contains fat in which 25% of the acids other seed fats of this family do not contain 
consist of lignoceric acid. glycerides of these cyclic acids and are ordinary 

^ ^ , fatty oils of a “ semi-drying ” or “ drying ” 

(g) ^ED Fats : Chaulmooqea Group {v. nature in which the chief acidic components are 
Vol. II, 5216). oleic, hnoleic, and linolenic acids. The fats of 

Those fats, which are almost solid at the the chaulmoogra group are characterised by 
ordinary temperature of temperate climates, fairly high optical rotatory power (dextroi^^ 
aro not produced in quantities comparable with rotatory). The properties of the chief mombts^qi^ 
many of the more familiar vegetable fats and are outlined in Table IX. ^ 

All ^ 

Table IX.— Seed Fats of the Chaulmoogra Group. ' ^ # 

_ ■ _ I 

(i) General Characteristics. \ I ^ 


Fat. 

Species. 

Habitat. 

Fat 

con¬ 

tent 

(seed), 

%• 

M.p., 

‘0. 

[alB. 

Sap. 

value. 

Iodine 

value. 

Chaulmoogra. 

Taraktogenos kurzii. 

E. 1 ndios. 


38-30 

+ 44 to 51" 

107-208 

07-105 

Lukrabo. 

Hydnocarpus anthel- 
mintica. 

Siam, E. Indies. 

18-20 

23-25 

-i 51 to 54° 

201-212 

83-91 

Hydnocarpus, 

Maratti. 

11. unghtiana. 

E. Indies. 

41 

28-32 

+ 54 to 04" 

197-208 

93-103 

Gorli. 

Oncoba echinata. 

Central Africa. 

46-47 

35-45 

-f 50° 

100-192 

98 

Sapocainha. 

Carpotroche brasi- 
limsis. 

Brazil. 

05-70 

21-23 

4 53° 

184 

75 


(ii) Component Acids (Cole and Cardoso, J. Amer. Chem. Soc. 1938, 60, 614, 617 

1939, 61, 2351, 3442). 


Fat. 

Palmitic, 

C 16 H 32 O 2 . 

Oleic, 

Ci8H3402. 

Hydnocarpic, 

C 16 H 28 O 2 . 

Chaulmoogric, 

C 18 H 32 O 2 . 

orlic, 

C 18 H 30 O 2 . 

Chaulmoogra. 

40 

14-6 

34-9 

22-5 

22-6 

Lukrabo. 

7-5 

12-3 

67-8 

8-7 

1*4 

Maratti. 

1-8 

0-5 

48-7 

270 

12-2 

Gorli. 

7-8 

2-2 

nil. 

74-9 

14-7 

Sapocainha. 

6‘6 

6-3 

450 

24-4 

15-4 


II. LIQUID FATS (FATTY OILS). 

(a) Oleio OB “ Non-drying ” Type. 

In a number of important vegetable fatty oils 
oleic acid forms the greater part of the fatty 
acids, accompanied by varying and subordinate 
proportions of linoleic acid and of saturated 
acids (often almost wholly palmitic acid). 
These oils, which are relatively stable to atmo¬ 
spheric oxidation and are therefore termed 
“non-drying” oils, have a variety of uses and 
fall into several classes: 

(i) Olive oil, important as a salad and edible 

oil, for soaps, and as an oil used in 

certain textile industries ; 

(ii) Alipond oil and some closely related oils, 

used mainly in cooking and pharmacy; 

(iii) Groundnut oil, used very largely in 

mazgarine and some cooking fats; 


hydrogenated gromidnut oils are also 
much used in pastry and similar fats; 

(iv) The rape and mustard oils, which contain 

erucic as wcU as oleic acid and have a 
number of specific applications; 

(v) Castor oil, which possesses special 

proj)crties owing to its high content of 
ricinoleic (hydroxyoleic) glycerides. 

In discussing the chief fats in each of these 
groups, references are given to other fats of 
similar composition which might be considered 
as possible supplements or substitutes in each 

(i) Olive Oil (v. this Voh, p. 91a). 

Most of the olive oils of commerce, from the 
Mediterranean littoral or California, have as 
component acids 77-84% of oleic acid, with 
|ibout. 1(^12% of saturated acids (mainly 
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palraiti(') and 7-8% of linolcic acid ; a few oils, 
chiefly from certain Mediterranean islands, have 
been observed to contain less oleic acid (65-70%) 
with about 15-20% of palmitic and 10-15% of 
linolcic acids. Apart from occasional and ver^^ 
small proportions of tripalmitin and oleo- 
dipalmitin the olive-oil glycerides are con¬ 
stituted on “ evenly-distributed ” lines and the 
amount of triolein tends towards the minimum 
possible. The usual types of olive oil only con¬ 
tain 35-40% of triolein, and the varieties with 
lower oleic acid content practically none. The 
rest of the oil consists largely of linoleodiolein 
and palmitodiolein. 

Genuine olive oils contain about 0*8-1% of 
unsaponifiable matter, the iodine value of which 


(200-220) is much higher than that of the un¬ 
saponifiable matter in any other vegetable fat. 

There are a number of other seed fatty-oils 
which, so far as general composition goes, 
resemble ohvo oil more or loss closely and 
ought therefore to be able to replace it in at all 
events some of its applications. Particulars of 
some of these fats, in addition to those for olive 
oils, are given in Table X. 

Of the fatty oils in Table X, avocado pear and 
patua palm oils, like olive oil, are fruit-flesh 
fats; the rest are seed fats. Michelia, loofah, 
and kadam oils resemble olive oil in their oleic 
acid content, but arc more akin to groundnut oil 
and cottonseed oil (?;. infra) in their fairly high 
contents of saturated acids. 


Table X.—Oleic (“ Non-dkyino ”) Fatty Oii.s : Olive-oil Type. 





Fat 



Chief component acids. 

Fat. 

Species. 

Habitat. 

.on- 

bnt. 

Of 

Sap. 

value. 

Iodine 

value. 

Satu- 
rat(Hl, 
*/b • 

Oleic, 

o / 

/O ' 

Lino¬ 

leic, 

Olive. 

0/m Europcoa. 

Mediterranean 
countries, etc. 

3U-60 

189-10:) 

80 • 85 

/ 9-12 
115- 20 

77-84 

05-70 

4-9 

10 15 

Avocado pear. 

Pprftca grattissima. 

Sub-tropics. 1 

^ 10 

180-18(5 

80-90 

8 

80 

11 

Patua palm. 

(Enocarpns paiaua. 

Brazil, etc. 

10-20 

190-200 

80 95 

15 

80 

4 

Tcaseed. 

Thea ainemU. 

India, China, etc. 

25-40 

188-105 

88-94 

8 9 

83-84 

7-9 

Michelia. 

Michelia cliampaca. 

E. Indies. 

30 

19(5-199 

Of) 70 

30 

70 


Loofah. 

Luff a 8p. 

Africa, E. Indies. 1 

40 

188-19(5 

90-100 

20 

80 

— 

Kadam. 

Tricosanthes kadam. 

Tropics. 

65-70 

195-197 

70 -80 

20 

80 



(ii) Almond Oil and Some Related Oils, 
(v. Vol. I, 259c, 26()a). 

Several other cultivated species of Pruntes 
and related genera of the rose family yield seed 
fats closely similar to almond oil, and are noted 


in Table XL The chief component acids are 
oleic (usually 65-75%), with varying proportions 
of linolcic (20-40%) and very small amounts 
(5-10%) of saturated (chiefly palmitic) acid. 


Table XL— Oleic (“ Non-drying ”) Fatty Oils : Almond-oil Type. 


Kernel 

fat. 



Fat 

Sap. 

value. 

Iodine 

value. 

Chief cojuponent acids. 

Species. 

Habitat. 

tent, 

O' 

/o- 

Satu¬ 

rated, 

%. 

Oleic, 

%• 

Tdno- 

leic, 

%. 

Almond (e. 

Vol. 1, 259c, 
260a). 

Prunus amygdalus. 

Temperate and 
sub-tropics. 

40-55 

188-192 

93-100 

3-5 

77 

17-20 

Apricot («. 

Vol.l, 253a). 
Peach. 

P, armeniaca. 

P. persica. 

Temperate and 
sub-tropics. 
Temperate and 
suD-tropics. 

40-45 

32-35 

188- 198 

189- 196 

96-112 

92-110 

4 

64 

32 

Plum. 

Cherry {v. 

Vol. Ill, 25c). 

P. domestica. 

P. cerasus. 

Temperate. 

40-42 

30-40 

188-198 

190-198 

91-101 
110-115 

6 

72 

22 

Cherry laurel 
{V. Vol. Ill, 
26o). 

P. laurocerasus. 

Sub-tropics. 

25-30 

190-195 

110 

14 

73 

13 

Portuguese 

laurel. 

P. lusitanica. 


25-30 

190-195 

115 

10 

58 

32 

Quince. 

Cydonia vulgaris. 

Temperate. 

15 

180-188 

113-12( 

9 

45 

42 


(iii) Groundnut (Arachis, Peanut, 
Earth nut) Oil (v. Vol. I, 454c). 

The component acids of groundnut oil in¬ 
clude 65-65% of oleic acid with about 17-26% 
of linolcic acid; the proportion of linoleic acid 
appears to depend on the source of the nuts, 
some of the West Afirican oils having the lower 
contents of 20% or less. Of the 16-20% of 
saturated acids, palmitic usually amounts to 
6 -8% and stearic 3-5%; the remaining 6-7% 


consists of arachidic, behenic, and lignoceric 
acids, which are characteristic minor components 
of this oil. The glycerides are of the “ evenly- 
distributed type, and in an average ground¬ 
nut oil are made up of about 26% of lino¬ 
leodiolein, 20% oftriolein, and 66% of glycerides 
containing two unsaturated and one saturated 
fatty acid. 

Hydrogenated groundnut oils, of iodine value 
from about 50-70, find application in the manu- 
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facture of shortenings ” or vegetable cooking 
fats employed as substitutes for lard in pastry, 
biscuits, etc. Both groundnut oil itself and 
lightly hydrogenated groundnut oil are also 
used in the fried-fish industry {see also Vol. IV, 
2516; VII, 193^^). 

The general characteristics of groundnut oil 
and of some other seed fats whicli resemble it 


in their contents of saturated and linoleic acids 
are given in Table XII. Tlie component acids 
of the two main typos of groundnut oil are 
illustrated in Table XII. Of the three other 
oils quoted, only that of the Tonka bean re¬ 
sembles groundnut oil in containing appreciable 
proportions (about 14%) of arachidic and higher 
saturated acids in its glycerides. 


Table XII. —Oleic (“ Non-drying ”) Fatty Oils : Groundnut-oil Type. 





Fat 

con¬ 

tent 

(seed), 



(Jhief com])onent acids. 

Fat. 

SjKicies. 

Ifahitat. 

Snp, 

value. 

Iodine 

value. 

Satu¬ 

rated, 

Oleic, 

Lino¬ 

leic, 




%. 



/O' 

%• 

Groundnut. 

Arachu hypogeea. 

I ndia, W. Africa. 

40-.50 

189-196 

85 -98 

r 18 

1 18 

56 

65 

26 

17 

Tonka Loan. 

IHpteryx ndorata. 

E. Indies. 

2.5 

190-195 

76-80 

25 

60 

15 

I'istacliio. 

Piatacia vera. 

Asia. 

45-60 

191-192 

80-96 

10 

70 

20 

(■ashew nut. 

Anacardiurn occ.identale. 

Tropics. 

40-55 

187-200 

80-90 

10 

70 

20 


(iv) Rape and Mustard Oil Group.— 
These fatty oils differ from those discussed above 
in that, in addition to oleic and linoleic acids, 
they contain considerable quantities (40-50%) 
of orucic acid (J^^-doooscnoic acid, C 22 H 42 O 2 ) 
in their glycerides. They also frequently con¬ 
tain more linoleic acid than, for instance, ground¬ 
nut oil and are on the border line between “ non¬ 
drying ” and “ semi-drying ” oils. These oils 
occur in seeds of different speciics of tlie Brassica 
genus belonging to the family Cruciferm. They 
have considerable ajiplication as edible oils, 
lubricants and, at least formerly, as illuminants 
for railway and other lamps. 

The most important of the group from a 
technical standpoint is rape oil {colza oil), from 
the seeds of Brassica campestris, cultivated 
widely in south-eastern Europe, India, and else¬ 
where. Oils from other varieties of B. carn- 
pestris, such as ravison or Danuhian rape-oil, 
and Jamba rape-oil, are somewhat inferior to 
rape oil, either in consequence of higher propor¬ 


tions of linoleic or linolcnic acid, or of the presence 
of organic sulphur compounds which are difficult 
to remove during refining. 

Mustard-seed oils (from B. (or Sinapis) nigra 
and alba) are very similar in character to rape 
oil and are produced on a fairly large scale in 
some parts of India; but rape oil, with an 
annual world production of perhaps 200,000 
tons, is the most important commercial fatty oil 
in this group. 

The chief charactcristicss of these oils are 
illustrated in Table XIII; in addition to the 
major component acids, all the fats contain 
minor quantities of linolenic acid (up to 5 or 
6 %) and of saturated acids (3-5%, mainly 
palmitic with traces of behenic or lignoceric). 
Rape-oil glycerides conform with the usual rule 
of “ even distribution,” and consist largely of 
a mixture of di-“ oleo ”-oriicins and “ oleo ”- 
dicrucins (in which “ oleo ”- may be either an 
oleic or a Unolcic group). 


Table XIIT. —Oleic (“ Non-drying ”) Fatty Oit.s : Rape-oii, Type. 




Fat 

content 

(seed), 

0 / 

/O- 

Sap. 

value. 

Iodine 

value. 

Gliicf component acids. 

Fat. 

Habitat. 

Oleic, 

Lino¬ 
leic, %. 

Erucic, 

%. 

Rape Bcod. 
Ravi.Bon seed. 
Jamba rape. 
Mustard, black. 
,, white. 

S.E. Europe, India, E. Indies. 
vS.E. Europe. 

India. 

India, Europe. 

” ” i 

.6.5-45 

33-40 

26-33 

31-33 

25-36 

172- 175 

173- 181 

169- 175 
173-176 

170- 178 

94-106 

105-120 

05-102 

96-107 

93-109 

17- 20 
20 

29 

25 

28 

25-29 

25 

12 

20 

15 

47-51 

47 

46 

50 

52 


(v) Castor Oil (v. Vol. II, 420a) stands apart 
from the other “ non-drying ” oils, since its 
component acids contain 90% or somewhat 
more of the hydroxyoloic, ricinoleic acid. 
Consequently its glycerides include about 75% 
of triricinolein, the remainder being made up 
of two ricinoleic radicals with one radical of 
palmitic, oleic, or linoleic acid. The hydroxyl 
group jn the ricinoleic glycerides causes castor 
oil to bo much more viscous than the rest of the 
fatty oils and also to, be comparatively soluble 
in alcohol. It is also responsible for the value 


of castor oil as a lubricant for special purposes 
(notably internal-combustion engines) and as a 
source of sulphated derivatives used in the dye¬ 
ing industry, as textile detergents, and in the 
leather industry. In addition to those technical 
uses castor oil, in its highest grades, is of course 
largely used in medicine. 

The genus Ricinus is practically the only 
source of seed fats rich in ricinoleic acid. 
Glycerides of this acid have only been definitely 
reported in the case of two other fatty oils, the 
seed fat (ivory-wood oil) of Agonandra braai- 
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liensis (Olacacejs), which is stated to include 
nearly 50% of ricinoleic acid in its component 
acids, and the seed fat of Cephalocroton cordo- 
fanus (Euphorbiacese), from the Sudan, which 
contains about 30% of ricinoleic and about 55% 
of oleic acid. 

(b) Lin OLEIC or “ Semi-dryinq ” Ty^pe. 

In the older classification of fatty oils accord¬ 
ing to their behaviour to atmospheric oxygen 
the terra “ <lrying oils ” was given to those 
which absorb oxygen more or less readily, but 
when completely oxidised in thin layers are 
converted into a hard, non-sticky film. The 
“ non-drying *’ oils, on the other hand, are 
slowly attacked by atmospheric oxygen but, 
even when oxidation at the ordinary tempera¬ 
ture is advanced, remain liquid, allxiit with con¬ 
siderable increase in viscosity. Between these 
two groups come the “ semi-drying ” oils, whidi 
take up oxygen more or less as do the “ drying ” 
oils, but which give final products which are 
stiflF, tacky, and semi-gelatinous, and do not 
yield by any means completely hard and rigid 
dried or oxidised oil films. Needless to say, 
there is no sharp demarcation between either 
of the throe groups, and some borderline fatty 
oils have been variously allocated as “ noa- 
drying ” or “ semi-drying,” and others as 
“ semi-drying ” or “ drying,” respectively. 

Broadly speaking, the “ non-drying ” oils, 
richest in oleic acid, do not contain more than 
20-25% of linolcic acid; whilst the character¬ 
istic “ drying ” oils may be said always to in¬ 
clude some linolenic (or other triethonoid) acid 
in addition to linoloic acid. In the present 
article wo shall consider as belonging to the 
linoleic or “ semi-drying ” group seed fats the 
component acids of which contain no linolenic 
acid but include from about 40-70% or more of 
linoleic acid. Within this group there are 
perhaps three fairly well-defined kinds of fatty 
oils: 

(i) Oils of tho cottonseed typo, in wliich 
large proportions (40% or more) of 
linoloic acid are accompanied by 20% 
or more of saturated acids (usually 
almost wholly palmitic acid); 


(ii) Cereal oils of tho maize type, in which tho 
proportion of saturated acids is lower 
(usually 12-15%), with somewhat 
varying proportions of linolcic acid 
(from 40% upwards); 

(Hi) Seed fats in which 00-70% of the com¬ 
ponent acids is linoleic acid. 

(i) Oils of the cottonseed type, — Cottonseed 
Oil (v. Vol. Ill, 408(7) is tho most important 
member of this group, since it is available in 
large quantities as a by-product after the fibre 
has been harvested for textile manufacture from 
the cotton crop. Kapok oil, from tho seeds of 
El iodendron and Bombax species, is very similar 
in composition to cottonseed oil and has been 
used to a certain extent in place of it. 

The component acids of cottonseed oil, which 
exhibit remarkable constancy as between 
different varieties of the cotton plant or between 
tlie crops in different seasons or on different soils 
from the same strain of seed, contain 45-50% 
of linolcic, 25-30% of oleic, 20% of palmitic, 
and about 5% of myristic and stearic acids. 
The component glycerides are largely mono- 
palmitodiunsaturated derivatives, the chief com¬ 
ponent being probably palmito-oleo-linolein; 
about 25-30% of oleolinolcins are present, to¬ 
gether vdth a few per cent, of oleo- or linoleo-di- 
palmitins. On hydrogenation tho linoleo-groups 
are normally converted into oleo- or wo-oleo- 
gioups before any substantial conversion of 
oleo- into stoaro-groups occurs, so that at a 
certain point the hydrogenated fat will consist 
of about 00 -65% of palmitodi-oloins or -iso- 
oleina with about 25-30% of oleo-i«o-oleins; 
thereafter oleo- and i^o-oloo-palmito-stearins 
and oleo- and iso-oleo-stearins commence to 
accumulate and eventually, of course, palmito- 
distearins, oleo- or i^o-oleo-distearins, and tri- 
stearin. 

Kapok Oil (/;. Vol. V, 169a). 

A fairly large number of seed fats from various 
plant families and indigenous to various parts, 
usually tropical or sub-tropical, have somewhat 
similar compositions to that of cottonseed oil. 
Although few, if any, of these have so far found 
technical application, particulars of some of 
them are given in Table XIV. 


Table XIV.— Linoleic (“ Semi-drying ”) Fatty Oii.s : Cottonseed Type. 





Fat 



Chief component acids. 

Fat. 

Species. 

Habitat. 

con¬ 

tent 

(seed), 

%. 

Sap. 

value. 

Iodine 

value. 

Satu¬ 
rated 
(palmi¬ 
tic), % 

Oleic, 

Lino¬ 

leic, 

/o- 

Cottonseed. 

Kapok. 

Konaph seed. 

Okra seed. 

Star aniseed. 
Grape fruit seed. 
Gonyo almond. 

Tallsoy. 

Melon. 

Squash. 

Pumpkin. 

Water melon. 
Chicory. 

Gossypium sp, 

Eriodendron .sp. 
Hibiscus canna- 
hinus. 

H. esculentus. 
llHcium sp. 

Citrus decumana. 
Anthrocaryum 
nannani. 
2'erminalia 
catappa, 

Cucumis melo. 
Cucurbita maxima. 
C. pepo. 

C. vulgaris. 
Cichorium intybus. 

U.S.A., India, 
Egypt. 

Sudan, E. Indies. 
Egypt, India. 

Tropics. 

E. Indies. 

Sub-tropics. 

Congo. 

E. Indies, W. 

Africa. 

Tropics. 

Sub-tropics. 

Tropics. 

India. 

35-40 

35-40 

20-25 

25-30 
1,5-20; 
30-40 
65-70 ! 

1 

48-50 

30-40 

45-48 

45-48 

35-40 

30-86 

191-196 

189- 196 
187-190 

196- 198 
193-194 

197- 200 
200 

186-200 

190- 193 
190-196 
195-196 
190-196 
190-196 

103-111 

86-98 

90-99 

93-100 

90-93 

96-101 

85 

77-82 

117-180 

120-180 

126-130 

100-110 

120-180 

25 

18-25 

20 

30 

25 

30 

25 

35 

15 

18 

30 

25 

20 

25-30 

60-45 

50 

45 

60 

20 

45 

40 

25 

35 

25 

45 

35 

50 45 

30 25 

25 

26 

15 

50 

25 

25 

55 

45 

45 

25 

45 
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(ii) Cereal oils of the maize type, —The seeds 
of the commoniy cultivated cereals have 
endosperms with comparatively low fatty con¬ 
tents, but the germ usually contains fairly high 
proportions of fat. Little technical use is made 
of the fatty oils, except in the cases of maize 
oil and wheat-germ oil, the latter being valued 
chiefly as a source of vitamin-Data for the 
composition of most of the seed fats of the 


common cereals have been reported, and some 
of these are given in Table XV. 

Maize Oil (v. VII, 470c) is usually termed 
corn oil in the United States. 

Most of the cereal oils contain as component 
acids some 12-15% of palmitic and stearic acids 
(mainly the former), the remaining 85% or so 
of acids consisting of oleic and linoleic ac'ids in 
proportions which vary considerably in different 


Table XV.— Linoletc (“ Semj-dryino ”) Fatty Oils: Cereal Type. 





Fat 



Cliief component aelds. 

Fat. 

Specien. 

llabiiat. 

con- 

Saj>, 

Iodine 

Satu¬ 

rated, 


Jdno- 

leie, 




tent, 

.O - 

value. 

value. 

Oleie, 

Maize germ. 

Zea mauf<- 

Suh-tropicH. 

40 50 

ISJS 10.3 

117 130 

12 

45 

42 

Wheat germ. 

I'ritintm vulf/are. 

'I'ernporatt' zone's. 

12-] 7 

183-190 

115-120 

15 

30 

45 50 

Riee. 

Oryza mtira. 

Tropics. 

.S-15 

183*102 

100-1 OS 

1.5-20 

40 45 

30 40 

liarlcy genu. 

Hordeum vnlgare. 

'J'emi)crato zones. 

.5 -0 

181-183 

115-125 

15-17 

20-30 

5.5-()0 

Oat genu. 

A re Hit sutivn. 


4-5 

180-102 

10.5-115 

10 

CO 

30 

Jtyc germ. 

Secale cereale. 


8-11 

185 -100 

100-105 

15-20 

20 35 

50 00 


species, and frequently in the endosperm and 
germ oils of the same species. 

(iii) Seed fats containing 50% or more of 
liruileic acid. —A number of technically useful 
oils belong to this group, in which (as in cotton¬ 
seed oil) linoleic acid is the chief component, but 
here it usually forms more than half of the total 
fatty acids; oleic acid is also generally present 


in fairly largo proportions, the saturated acids 
(palmitic and stearic) being correspondingly 
comparatively small in proportion. Sesame, 
sunflower seed, poppy seed, and perhaps niger- 
soed oils are those which have found application 
in the fat industries, but a number of other seed 
fats fall in this group and are listed for reference 
in Table XVI. 


Table XVI.— Linoleic (“ Semi-drying ”) Fatty Oils Containing 50% or More of 

Linoi.eic Acid. 





Fat 



Chief compoiH'nt acids. 

Fat. 

Si)ccic.s, 

Habitat. 

con¬ 

tent. 

Sap. 

value. 

Iodine 

value. 

Satii- 

rat('d, 

0]»'ic, 

Vo- 

LiTH)- 

leie, 

Vo - 

Scaam6. 

Semmuiii indicKm. 

India, K. Indies, 
Asia Minor, etc. 

50 55 

188-195 

103-112 

15 16 

37-45 

40- 47 

Sunflower seed. 

llelianthii^ annua. 

S.E. Europe, Asia, 
S. Africa. 

22-32 

186-194 

127‘ 130 

7 10 

30 35 

5.5-65 

Poppy seed. 

Pa paver aomni- 
ferum. 

India, Persia, 
(Tuna, etc. 

4.5-50 

189-196 

132 143 

8-10 

25 30 

62 05 

Niger seed. 

Ouizotia abys,^inica.\ 

India, (Central 
Africa. 

35-40 

189-198 

120-134 

9-12 

20-35 

5.5-70 

Grape seed. 

V it is r in if era. 

Sub-tropics and i 
mild temperate 
z(»nes. 

20-22 

189- 200 

125-140 

8—15 

20 35 

50 70 

Henbane. 

IJyoscyamus niger. 

Europe, etc., 

34-35 

180-188 

132-138 

7 

10-20 

73-82 

Tobacco seed. 

Nicotian a tabanim. 

Sub-tropics. 

30-35 

193-198 

136-142 

8-15 

17 28 

56-75 

Belladonna. 

Atropa belladonna. 

Europe, etc., 

10-15 

191-195 

138-145 

8 

25 I 

07 

Thorn apple. 

Datura stramonium. 

Sub-tropics. 

20-25 

186--194 

109-113 

11 12 

33-40 ! 

45- 55 


Sesame Oil (kelDil) is produced on a fairly 
extensive scale (100,000-160,000 tons annually) 
from seed grown in India, China, the East 
Indies, the Levant, and parts of East and West 
Africa. It is used as a margarine fat, and in 
some countries the presence of a proportion of 
sesam^ oil in margarine is compulsory in order 
that the margarine may be readily detected as 
such by the application of the Baudouin colour 
test, characteristic for sesam^ oil (v. Vol. II, 
1676). 

Sunflower-seed Oil is on the borderline 
hetweeiji “ semi-drying ” and “ (frying ” oils, 
but does not contain any hnolenic acid. The 
ohmf source of the seed is Southern Russia and 
some of the Balkan countries, but it is also grown 


elsewhere in Eastern Europe and in parts of 
Asia and South Africa. The seed contains 
about 30% of oil, and the annual production of 
the latter is probably of the order of 250,000 
tons. Sunflower-seed oil, after refining and 
deodorising, yields a product notably free from 
colour, odour, and flavour which, in spite of its 
rather high linoleic gtyceride content, is useful 
as a margarine fat. The oil is also employed 
for soap, and has also been used, blended with 
linseed oil or other drying oil, as a paint oil. 
Simflower-seed cake, after extraction of the oil, 
has high value as a cattle food. 

Poppy-seed Oil (v. Vol. TV, 85d). 

Niger-seed Oil, a West African product, has 
appeared on the market as an oil which can be 
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substituted for, or hotter blended with, linseed 
oil or other drying oils for use by the paint in¬ 
dustries. It contains no Jinolenic acid, but its 
content of linoleic acid approaches 70% of the 
mixed fatty acids, and the bulk of the oil 
appears to consist of dilinoleo-oleins with a 
smaller proportion of dilinoleo-saturated gly¬ 
cerides. There appears to be good possibility 
of the development of niger-sced oil or fatty oils 
of similar composition as additions to the oils 
which may be capable of utilisation in paints and 
varnishes. 

(c) Linolenio or “ Drying ” Type. 

The fatty oils falling in this group contain, 
in addition to varying and usually substantial 
amounts of linoleic acid, a certain proportion, 
sometimes large, of the triethenoid linolenic 
acid, acid. Those with 

20 % or more of linolenio acid in the com¬ 
ponent acids of the oils are the tjrpical “ drying ” 
oils, of which linseed oil is the most common and 
the best known. Perilla oil is still richer in 
linolenic glycerides, whilst other seed fats, 
including the fatty oils from stiUingia, hemp, 
rubber, and candlenut seeds, contain from 
15-30% of linolenic acid and are characteristic 
“ drying ” oils. Finally, there are a number of 
other fatty oils which are less effective in their 
drying properties and, from this point of view, 
approach the oils rich in linoleic acid sun¬ 
flower or niger-seed oils) previously discussed; 
the fatty oils included in the present group are 
differentiated from the latter, however, in that 
they contain small proportions (although in 
some instances only 1 or 2 %) of linolenic acid. 

(i) Fatty oils with 50% or more of linolenic 
acid {linseed and perilla oils) — Linseed Oil {v 
Vol. VII, 320a; see also Drying Oils, Vol. IV, 
S8b), 

The average composition of the mixed fatty 
acids in linseed oil approximates to: saturated 
(palmitic and stearic) 10-15, oleic 15-25, lino¬ 
leic 15-20, and linolenic 45-55%. The mixed 
glycerides present include about 40% of mixed 
linoleo-linolenins, the remaining 60% containing, 
for the most part, one saturated or one oleic 
group and two radicals which may be either 
linoleic or linolenic. Nearly all the triglyceride 
molecules thus contain at least two polyothenoid 
groups (of which the greater part is likely to be 
linplenic radicals), and this doubtless contributes 
to the excellent drying properties of linseed-oil 
films. 

Raw linseed oil contains a minute, but eflfec- 
tive, proportion of natural anti-oxidant com¬ 
pounds which retard the onset of atmospheric 
oxidation and cause the development of a 
preliminary ** induction period ” before drying 
sets in. This effect is obviated by heating the 
oil with lead, cobalt, or manganese linoleates or 
resinates {boiled linseed-oil). 

Linseed oil, and other oils containing linolenic 
glycerides, are also altered by heating at about 
270-290° without oxidation taking place con¬ 
currently. This process consists in a gradual 
polymerisation of the polyethenoid glycerides, 
probably preceded by isomeric rearrangement 
of non-conjugated into conjugated polyethenoid 
systems. At first considerable reduction in 
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I apparent unsaturation (as measured by iodine 
I value) takes place accowpanied by slight, but 
not marked, increase in viscosity; subsequently 
slower reduction in iodine value occurs, but the 
oil rapidly becomes much more viscous. These 
heat-polymerised or “ heat-bodied ” oils are 
known as stand oils. 

. Perilla Oil (c. Vol. IV, 84f;). 

(ii) Fatty oils with 15-35% of linolenic acid .— 
Rubber-seed Oil, from the seeds of Hevea 
brasiliensis, has good drying properties suitable 
for the paint industry and its use might be 
extended if the oil were produced on a sufliciently 
large scale, with modern technique. The present 
production, probably of about 20,000 tons 
annually, is capable of much enlargement since 
the seeds may be regarded as a by-product of 
the natural rubber industry. The whole seeds 
contain about 30%, and the kernels about 50%, 
of fatty oil. The oil as at present imported is 
frequently dark-coloured and often contains 
several per (^ont. of free fatty acid, whilst the 
unsaponifiable matter includes some hydro¬ 
carbons of a j)oIy-isoprene character. Collection 
of seed and its extraction by modern procedures 
would doubtless improve the quality of the oil, 
and possibly reduce or eliminate the small 
amount of rubber hydrocarbons present, leading 
to an oil of good value for paints and varnishes. 
The fatty acids of rubber-seed oil include 15-20% 
of linolenic and 35-45% of linoleic acid. 
Stillingia-seed Oil {v, Vol. Ill, 33?>). 
Candlenut or Lumbang Oil (v. Vol. II, 
2626). Although belonging to the genus 
Aleurites, other species of which are rich in the 
conjugated olaeostearic glycerides {v. infra), 
this seed fat of A. rnoluccana contains none of 
the latter, but its component acids include 
about 29-30% of linolenic and 40-50% of lino¬ 
leic acid. It is a “ drying ” oil of similar nature 
to the two preceding fats, and its production is 
capable of clevelopment on a considerable scale. 

Hemp-seed Oil {v. Vol. VI, 203fl). The com¬ 
position of hemp-seed oil seems to vary some¬ 
what, 15-30% of linolenic acid and 60-70% of 
linoleic acid having been reported in its com¬ 
ponent acids. 

The seed fats of Sweet Basil, Ocim um basilicum, 
grown in India, and of the Mexican Chia, Salvia 
hispanicxL, and other members of the sage family 
grown in India, have similar fatty components 
to the preceding oils, and there are probably 
other members of the Labiatm and of other plant 
families, whose seed fats fall within this or the 
previous group, and would be capable of func¬ 
tioning as technical “ drying ” oils. 

(lit) Fatty oils with less than 16% of linolenic 
acid. — Walnut Oil, like poppy-seed oil {v. 
Vol. IV, 86 d) has been a favourite medium with 
artists for paints, owing to its pale colour and 
the absence of development of colour in the 
dried oil film. It forms over 60% of the kernels 
of the walnut, but the annual production is 
relatively small. The component acids include 
only 2-3% of linolenio with about 60-70% of 
linoleic acid, and the oil is comparatively slow 
in “ drying.” 

Safflower Oil (Vol. IV, 866 ), from safflower 
seeds grown mainly in India and in South- 
IBastem Europe, is a “ drying ” oil of similar 
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romposition to wslnut oil. The potential pro -1 
duction of the oil is quite large and the best 
safflower oil is pale-coloured and of high quality 
when refined, but hitherto it has not been used 
in Europe on any very extensive scale. 

Soya-bean Oil (v. Vol. IV, 84d; VII, 194a) 
is a very important oil, classed more often as a 
“ semi-drying ” than as a “ drying ” oil, but 
which in virtue of its small linolenic acid con¬ 
tent has definite drying properties and has been 
used for blending with or “ extending ” linseed 
oils. It is also serviceable as a margarine fat 
and, when partly hydrogenated, is used both in 
margarine and cooking (“ shortening ”) fats, 
whilst the raw and partly hydrogenated oils also 
find application as soap-maldng materials. Soya¬ 
bean oil forms 15-20% of the endosperm of the 
soya bean, a leguminous plant indigenous to 
Manchuria and Northern China, and now culti¬ 
vated in many parts of the world, including the 1 


I United States, the East Indies, South Africa, 
and some other parts of the British Empire ; 
the climate and soil of Great Britain, however, 
appear to Ibe unsuitcd to the soya bean as an 
economic crop. The composition of the oil 
varies somewhat with the locality in which it is 
cultivated, but on the average the component 
acids include 6-6% of linolenic and somewhat 
over 50% of linoleic acid. 

Amongst other fatty oils which, like the above, 
contain 60% or more of linoleic acid together 
with a few per cent, of linolenic acid, and there¬ 
fore share the properties of moderately good 
“ drying ” oils, may bo mentioned Argemone oil 
from the prickly poppy found in Mexico, the 
southern parts of the United States, the West 
Indies, India, etc. It forms about 35% of the 
seeds and could be produced in quantity. 

The general characteristics of the foregoing 
oils are summarised in Table XVII. 


Table XVII.— Linolenic (“ Drying ”) Fatty Oils. 





Fat 



Chief component acids. 

Fat. 

Species. 

Habitat. 

con¬ 

tent, 

%• 

Sap. 

value. 

Iodine 

value. 

Satu¬ 

rated, 

O' 

/O. 

Oleic, 

/O » 

IJno- 

l(‘ic, 

%• 

Lino¬ 

lenic, 

^/o 

Linseed. 

Jjirmm usitatin- 
simum. 

Argentine, 
Russia, India, 
L.S.A., 

(Canada, etc. 

35-40 

189-190 

170-185 

10-15 

15 25 

1 X 20 

45-55 

JVrilla. 

Verllla ocimoidei^. 

Japan, E. Indies. 

35-45 

187-197 

180 206 

7-10 

15-20 

0-10 

65-70 

N’gart set^d. 

Telrdcarpidium 

conophornm. 

T^igeria. 

45-50 

195-200 

200 206 

7-10 

13-14 

12-10 

03-65 

Ilnl)]K'r seed. 

lievea brasi- 
liensis. 

S. America, E. 

1 ndies. 

50 

186-196 

127 -144 

17-20 

25-30 

35-45 

15 25 

Stillingia 8(?ed. 

Stillingia sehi- 
fera. 

China, India. 

40-50 

203-210 

146-170 

7-9 

12-16 

46-53 

28-29 

Oandlcniit, 

luinhang. 

Alenriteii nuduc- 
cana. 

E. Indies, Brazil. 

55-65 

189-195 

155 -165 

9-10 

10 30 

40-50 

20-30 

Herapseed. 

Cannabis saliva. 

Russia, S.E. 
Europe, India, 
N. America. 

30 35 ; 

190-195 

145 165 

9-10 

10-15 

50-70 

15-30 

Sweet Basil. 

Ocimum basili- 
cum. 

India. 

25-30 

190-195 

150-165 


11 

60 

1 21 

Chia seed. 

Salma hispanica. 

Mexico. 

25 35 

190-195 

180-190 

8 

'ITaees 

49 

42 

Walnut. 

Juglans regia. 

Temperate and 
sub-tropic.s. 

63-65 

190 -107 

140-150 

6-8 

20-30 

60-70 

2 3 

Satflow’er. 

Carthamus tinc- 
torius. 

S.E. Europe, 
India. 

25-32 

187-194 

130-150 

5 10 

17-26 

68-71 

1 1-3 

Soya bean. 

Soja hispida. 

Asia, U.S.A., 
etc. 

15-20 

190-193 

124-133 

12-13 

25-30 

50-55 

5 8 

Argemone. 

Argemam mexi- 
cana. 

Mexico, India. 

34-38 

187-190 

119-122 

15 

22 

48 

1 


(d) Conjugated (“ Drying ”) Type. 

There remain a few interesting “ drying ” oils 
which jdilfer in character from the linolenic group 
because their glycerides contain large amounts 
of the tri-conjugated elseostearic or licanic (keto- 
cleeostoaric) acids or, in a few rare instances, of 
the conjugated tetra-ethenoid parinaric acid. 
By far the most important of these is China- 
wood or tung oil. 

Tung Oil (China-wood oil) (v. Vols. I, 1986; 
IV, 82c, 896). 

Elaeostearic acid forms about 80% of the com¬ 
ponent acids in tung oil, which therefore con-! 
tains a fair proportion of the glyceride tri- 
olseostearin, tne rest of the fat consisting of 
glycerides containing two elfleostearic groups 
with one of oleic or saturated (c.< 7 ., palmitic) 
acid. On exposure to air these glycerides 


oxidise and polymerise to yield films of a more 
massive character than linseed-oil films. 

Tung oils have a saponification value of about 
189-195 and an iodine value (Wijs) of 160-180, 
but the latter is low and indefinite, since the 
Wijs or Hanus reagent does not interact quanti¬ 
tatively w ith the conjugated unsaturated groups. 
Use of a special iodine-value technique (Woburn) 
gives more accurate values, but better methods 
of estimation of conjugated unsaturation in tung 
and similar oils consist in the determination of 
the maleic anhydride value or of the intensity 
of the absorption spectrum band at 270 m/x. 
(c/. p. lid). The presence of the conjugated 
unsaturated system causes tung oil to possess a 
higher refractive index 1*623) than oils in 
which this system is not present (e.g., linseed 
oil, 1*484). 
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Other seed fats which have been observed to as individual fats of technical importance are 
contain substantial proportions of elseostearic concerned, only those of the pig (lards), ox, and 
acid include the following: . sheep (tallows) require detailed attention 

Bagilumbang Oil, from the seeds of with bone fats and neats’-foot oil {v. Vol. VI, 

trisprrma, a species grown in the Philippine 280d), those are practically the only animal 
Islands and the East Indies, and containing in body-fats wliich find industrial use at present, 
its fatty acids nearly 70% of elaeostearic acid, Pig Body-fat (see also Lard, Vol. VIT, 
and about 15% each of saturated and of oleic 185c) is deposited cliiefly in the subcutaneous 
acid. tissues of the back and rump, and as peri- 


Essang Oil, from the seeds of Ricinodendron 
africanum, a West African shrub whose kernels 
contain about 50--55% of oil, the component 
acids of which include about 50% elaoostearic, 
10-15% each of saturated and oleic, and about 
25% linoleic acids. 

Neou Oil, from the seeds of Parinariurn 
macrophyllmn, also a West African plant, con¬ 
tains only about 30% of eheostoaric acid, with 
about 10% saturated, 40% oleic, and 15% 
linoleic acid; whilst po-yoak oil, from the 
related P. she^rbroense, contains 32% ehnoostearic, 
8 % oleic, 12% saturated, the remaining 48% 
being licanic acid. 

Licanic or koto-elaoostearic acid is, however, 
the chief component acid in the seed fat of 
Licania rigida, a forest tree which grows abun¬ 
dantly in parts of Brazil. This seed fat is 
termed Oiticica Oil, and has come into some 
prominence recently as a substitute for tung 
oil (v. Vol. IV, 84a). Its component acids are 
made up of nearly 70% licanic, with 5-6% oleic 
and 11-12% saturated acids; it contains com¬ 
paratively Uttle tri-keto-elsBostearin, the bulk 
of the oil consisting of glycerides with two keto- 
elseostearic groups and an oleic or palmitic 
group. Consequently it dries and gelatinises 
somewhat more slowly than tung oil. Moreover, 
the presence of the hydrophilic keto-group 
appears to affect the properties of the oiticica 
varnish film, which is more permeable to moisture 
than a tung-oil film. 

In addition to po-yoak oil from the West 
African Parinariurn sherbroense (referred to 
above), the seeds of an East Indian species, 
P. corymhoaum, are rich in licanic-acid glycerides, 
the component acids of this seed fat including 
about 60% of licanic, 15% elaeostearic, 5% 
linoleic, 8% oleic, and 12% of saturated acids. 

Reference should be made finally to two seed 
fats of other species of Parinariurn (P. gldber- 
rinum euid P, laurinum) which are reported to 
contain large quantities (70% or more) of the 
conjugated A ^^-octadecatetraenoic or pari- 
nario acid. These seed fats are apparently solid 
at the ordinary temperatiire, but are obviously 
of considerable interest as regards their possible 
properties, for example, when blended with dry¬ 
ing oils of either the linseed oil or the tung oil 
groups. At the moment, however, they remain 
in the category of rare seed-fats, the uses of 
which have not yet been exploited. 

LAND-ANIMAL FATS. j 

1. BODY FATS. 

Body Fats of Pigs, Ox, and Sheep. 

The general features of the composition of the 
body or storage fats of land animals have already 
been described (pp. 6c-86 and Table I). So far 


nophric fat surrounding the kidneys. 

The iodine value of perinephric pig-fat ranges 
from about 48-53, and that of the innermost 
layers of the back fat is similar; but the outer 
layers of bacik fat are more unsaturated and 
may have iodine values up to about 65-70. 
Consequently lards produced from different sites 
in the animal may vary a good deal in con¬ 
sistency, from the very soft outer back-fats to 
the perinephric fats which are firm, although 
by no means hard, white solids at the ordinary 
temperature. Such variations have been found, 
on detailed analysis of the component fatty acids 
of pig body-fats, to consist almost wholly in the 
replacement, as it were, of some of the oleic 
acid present in a pig outer back-fat by stearic 
acid in the case of more saturated pig-fats. 
Thus the total fatty acids of a perinephric or of 
an inner back-fat from a pig may include 40- 
44% of oleic and 16-13% of stearic acid, whilst 
those of the outermost layers of back fat may 
contain 46-52% of oleic and 13-8% of stearic 
acid. The other main component acid is 
palmitic, the content of which is relatively con¬ 
stant at about 26-30% but may fall some units 
per cent, below the lower limit given in the case 
of very soft outer layers of back fat. There are, 
in addition, a few minor component acids present 
in pig body-fats as follows : octadecadienoic (in¬ 
cluding ordinary linoleic acid and probably 
isomeric forms) 6-13%; myristic 1-2%, tetra- 
decenoic traces, hexadecenoic 2-3%, and highly 
unsaturated acids of the Cjq and C 22 series, 
1-2%. The proportions of these minor com¬ 
ponent acids vary but little with the source of 
the fat; but the higher quantities of octadeca- 
dienoio acid have only been observed in the 
case of sows several years old when killed. 

The above figures for component fatty acids 
refer to fats from pigs fed on diets low in fat; 
it has been shown (Hilditch and Pedelty, 
Biochem. J. 1939, 33, 493) that in these circum¬ 
stances very much of the body fat has been 
synthesised in the animal from non-fatty (carbo¬ 
hydrate) constituents of the diet. T 3 rpical data 
for pig body-fats of this nature are quoted from 
the work of Hilditch and colleagues in Table 
XVIII. 

Animals are able to assimilate and store fats 
present as such in their diet, and the pig is a 
particularly good illustration of the fact that 
directly assimilated fat, as well as fat syn¬ 
thesised by the animal, is utilised as body or 
depot fat. Some data given by Ellis and co- 
workers (J. Biol. Chem. 1926, 69 , 239; 1930, 
89 , 186; 1931, 92 , 386), summarised in Table 
XIX, show that in extreme instances of fatty 
diets the greater part of the body fat is derived 
from dietary fat, and includes some of the specific 
fatty acids of the latter which are not present 
in ordinaiy pig-fats. 
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Table XVIII -—Component Acids (% wt.) of Body Fats of Pigs on Low Fat Diets. 






Component acids. 

Fat. 

Sex. 

Age. 

Iodine 

value. 

Myris¬ 

tic, 

J*al mi- 
tic, 

Stearic, 

%• 

Hexa- 

dccenoic, 

Oleic, 

Octa- 

deca- 

dicnoic. 

C20-22 

uiisatu- 

rated, 






/o- 

%. 


%. 

%• 

Periiiopliric. 

M 

7 months. 

52-4 

M 

30-4 

17-9 

IG 

41-2 

5*7 

21 

,, 

M 

Several years. 

r)G-4 

0-9 

29-3 

J7-4 

21 

40-3 

8-1 

1-9 

M 

F 

590 

3-9 

27-7 

17 0 

* 

35-7 

13-7 

1-4 

Inner back. 

¥ 

0 months. 

54-3 

1-0 

30-1 

lC-2 

3-0 

40-9 

71 

1-7 

,, ,, 

M 

Several years. 

58-9 

0-9 

27-5 

151 

1-9 

44-2 

7-3 

31 

,, 

F 

030 

2-8 

25*5 

14-5 

* 

42-8 

13-7 

1-4 

Out-('r back. 

F 

G months. 

GO-0 

1-3 

28-3 

11-9 

2-9 

47-5 

60 

21 


M 

7 

58-8 

0-7 

25 3 

131 

21 

51-0 

5-3 

2-5 


IVT 

Several years. 

G3-9 

10 

26-5 

32-8 

21 

46-8 

7-9 

2-9 

,, 11 

¥ 

70-4 

2G 

23-8 

101 

« 

4G-3 

15-2 

20 


K 

72-6 

3-8 

20-3 

7-9 

• 

54-1 

130 

0-9 


* Ilexjicloccnoic included with nleic acid. 


TAiiLE XIX.— Component Acids (% wt.) of Body Fats of Pigs on Fatty Diets. 



I odine 
value. 



Chief component acids. 



Diet. 

Myristic, 

'/<)• 

Palmitic, 

Stearic, 

0/ 

/O* 

Arachidic, 

0/^ 

Oleic, 

Linoleic, 

% 

Lino- 
Icnic, %. 

Basal diet low in fat. 

58-8 

0-7 

25-2 

12-7 

— 

54-4 

70 

— 

Basal” diet ’-} 12% 
cottonseed oil. 

GOG 

1-7 

25-5 

13-7 

— 

50-2 

8-0 

— 

77-4 

M 

13-8 

2G-5 

• ~ 

318 

2G-8 


Soya beans alone. 

100-6 

0-3 

141 

7-9 

— 

88-0 

38-3 

0-5 

Groundnuts alone. 

84-1 

0-4 

15-5 

7-5 

0-2 

56-9 

19-5 



The most abundant component glyceride of 
pig body*fats is palmitodiolein, which forms 
45-65% of the whole fat; oleopalmitostoarins 
come next, amounting to 25-35% of the fat. 
The remaining 20% is made up of stearodiolein, 
oleodipalraitin, and minor amounts of triun- 
saturated glycerides and palmitostearins. The 
proportion of fully-saturated glycerides and also 
of stearo-glycerides is lowest in the most un- 
• saturated outer back-fats and increases propor¬ 
tionately in the harder varieties of perinephric 
and inner back-fats of the pig. The general 
progressive increase in relatively saturated 
stearo-glycerides in the stearic-rich depot fats 
of the pig, ox, and sheep is illustrated later in 
Table XXI. 

Ox and Sheep Body-fats, known tech¬ 
nically as beef and mutton tallows, are similarly 
derived either from the perinephric tissues (suet) 
or from the external subcutaneous tissues of the 
back and flanks of the animals. The best 
qualities of beef tallow, termed premier jus, 
have been very largely used in margarine {v. 
Vol. VII, 609a); other grades, made by render¬ 
ing the tissues at higher temperatures or with 
water in autoclaves, form excellent material for 
soap-making and for conversion to “ stearines *’ 
(the distilled saturated—palmitic and stearic*— 
acids of the tallow) for incorporation in candles. 
Mutton tallow is similarly employed, but to a 
less extent than the ox fats, for soaps and 
candles. The lowest grades of tallow, from the 
final alitoclave or other rendering of tissues from 
which lixe better qualities of fat have already 
been extracted, are used in some types of lubri¬ 
cating greases (v. Vol. VI, 134c). The bones of 


sheep or oxen contain fatty matter which is 
removed prior to their conversion into glue and 
bone meal, and the done greases so obtained are 
also used in lubrication and, in some of the 
better qualities, as material for lower-grade 
soaps. Commercial bone-fat is usually, owing 
to its sourc*o and mode of production, of inferior 
quality, but the composition of fresh bone-fat 
appears to differ but little from that of a soft 
tallow (c/. Table XX). 

The iodine values of the perinephric or suet 
fats is usually about 40—45, and of the external 
tissue fats from 45-62. The sheep fats tend to 
bo somewhat more saturated than the corre¬ 
sponding ox fats. As in pig fats, variation in 
consistency and iodine value is due to the respec¬ 
tive amounts of stearic and oleic acids in the 
total acids of the Cjg series, which are relatively 
constant at about 60-66% of the acids of the 
whole fats. The chief component acids of ox 
and sheep body fats are oleic (36-^0%), stearic 
(28-14%) and palmitic, which is relatively 
constant in ox fats at 27-33%, and somewhat 
low'cr in sheep fat (24-26%). Jdinor component 
acids include laurio (traces), myristic (2-4%), 
tetradecenoic (traces), hexodecenoic (1“3%)» 
octadecadienoic (not identical with seed fat 
linoleic, 1-3% in ox, and 3--6% in sheep), traces 
of arachidic and unsaturated C 20 &i^d C 22 acids 
in ox fats, and up to 1% of unsaturated C 20 
and C 22 acids in sheep fate. A small proportion 
of the acid reckoned as oleic in both ox and 
sheep body-fats is a solid isomeric octadecenoic 
acid termed voccemc add (Bertram, Bioohem. Z. 

11928,197, 433). 

I It may be added that the above figures refer 
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to fats from animals reared in temperate stearic-acid content reaching a maximum at 
climates, and that examination of some Indian about 28%. 

ox depot-fats (Hilditch and Murti, Biochem. J. Typical data for the component acids of a 
1940, 34, 1301) of unusually low iodine values range of ox and sheep body-fats from various 
(26-31) has revealed the presence of up to 40% countries, and of an ox bone-marrow fat, are 
of palmitic acid in their component acids, the included in Table XX. 


Table XX.—Component Acids (% wt.) of Ox and Sheep Body Fats. 



Chief component acids. 

t’at. 

Myristic, 

Palmitic, 

Vo. 

Stearic, 

/o. 

Hexa- 

deceuoic, 

Oleic, 

Octadc'- 

cadicnoic, 

C 20-22 

unsatu- 

rated, 

Ox (English, i)eriiiei»hri(;, J.V. 3s 7). 

2-7 

80-4 

23 7 

2-1 

38 0 

2-0 

'traces 

» ( „ 44-7). 

3‘3 

24*9 

24-1 

2-8 

41-8 

1-8 

0-.^) 

,, (Indian, ,, ,, 31()). 

2« 

80-H 

20-8 

2-4 

29-2 

0-9 

0-7 

„ 2t) r)). 

4-6 

41*4 

24-3 

1-7 

20-4 

1-0 

01 

,, (N. America, body). 

2 

32-5 

14-5 

* 

48 

3 

* 

„ (i^. „ „ ). 

2-5 

25 

20 

* 

47-5 

5 

* 

,, (Australia, ,, ). 

2 

20-5 

22-5 

* 

49 

— 


Ox (Bone-marrow' fat). 

2-7 

82-3 

15*5 

3-7 

43 2 

20 

'traces 

Sheep (English, perinephric, I.V. 42-7). 

2-3 

20 2 

271 

1-3 

38-7 

3-3 

M 

„ ( „ „ „ 4.S-2). 

2-0 

24 0 

24-9 

31 

39-2 

5-2 

0-7 

„ ( „ body, „ r)0-2). 

4-0 

28-8 

18-5 

0-8 

.^>0-8 

1-9 

0-7 

» ( „ „ 520). 

3-S 

27-8 

14-7 

2-0 

40-3 

4-8 

00 

,, (Australia, body). 

2 

25 

23 

* 

47 

3 

4i 


* Included with oleic acid. 


As in pig fats, the chief component glycerides composition with what would result from partial 
of ox and sheep body-fats are palmitodioleins hydrogenation or saturation of a preformed 
(25-55%) and oleopalmitostearins (40-25%); mixture of palmito-oleo-glyceridcs assembled 
stearodiiolein and oleodipalmitin may each con- on the lines of the “ even distribution ” which 
tribute from about 5-15% of the total glycerides, is prevalent in most other fats. This may 
palmitostearins range from about 5-15%, whilst appear more clearly from Table XXI, in which 
the simple triglycerides triolein, tripalmitin, and the approximate proportions of the component 
tristearin occur at most only in traces. These glycerides in a series of pig, ox, and sheep depot- 
general figures refer to the usual types of tallows fats (in which the stearic acid content increases, 
—the composition of the exceptionally saturated and the oleic acid content decreases, progres- 
Indian ox-tallows is of course different. It has sively) are given. In this table the figures refer 
bexjn remarked previously (p. 6d) that the to molar percentages and minor component 
stearic-rich animal depot-fats are consistent in i acids are included with major component acids 


Table XXI.— Component Glycerides (% mol.) op Pig, Ox, and Sheep Depot Fats. 



Pit?, 

back. 

Ewe, 

back. 

Fig, 

peri¬ 

nephric. 

Ox, 

Eng¬ 

lish. 

Ewe, 

peri¬ 

nephric. 

Cow, 

Calicut, 

(’ow, 

Bom¬ 

bay. 

ComiH)uent acids : 

Palmitic. 

290 

31-5 ■ 

3M 

33-4 

27-1 

33 4 

40-8 

Stearic. 

J3-8 

14-5 

17-6 

21-4 

25-6 

27-9 

25-5 

Oleic ( +o(dadecadienojc) .... 

51-1 

47-9 

45-9 

38-7 

40-4 

30-5 

24 0 

Component glycerides: 








(i) Triolein. 

3 

— 

3 


_ 

_ 

_ 

Stearodiolein. 

7 

7 

5 

13 

U 

3 

1 

Oleodisteariu. 


1 


2 

2 

2 


(11) Palmitodioleln. 

53 

46 

40 

23 

25 

17 

11 

Oleopalmitostearin .... 

27 

28 

34 

32 

41 

38 

34 

Palmitodistearin. 

2 

2 

5 

0 

10 

12 

10 

(lii) OLeodipalmitin. 

.5 

13 

9 

15 

5 

11 

18 

Palmitodistearin. 

2 

3 

4 

8 

4 

16 

23 


as follows: myristic (and lauric) with palmitic, relatively high (7-15%) linoleic or octadeca- 
arachidic with stearic, and all minor unsaturated dienoic acid, whilst in addition small proportions 
acids with oleic. (2“-6%) of Hnolenic acid may be present. Horse 

Horse^ Body-fat (v. Vol. VI, 280a) as indi- fat in admixture with pig or beef fats is not easy 
cated in Table I, is a softer fat than those from to determine as such, but the presence of lino- 
the ox, and contains little stearic acid with lenic acid may be detected by production of the 
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ether-insoluble hcxabromostearic acid (Crowd], 
J. Assoc. Off. Agr. Chem. li)46, 27, 465), or by 
spectrographic examination after isomerisation 
with alkali (p. 2d). 

The hooves of oxen, sheep, and horses contain 
a fatty oil (neats’-foot or trotter oil (v. 
Vol. VI, 280d)) which is extracted during their 
conversion into glue and which has a certain 
technical importance. The name is applied to 
the foot oils from various animals, but strictly 
refers to the fat from the foot of the ox. Ncata’- 
foot oil is a liquid fat of iodine value 67-73, 
valued for leather-dressing in the highest 
qualities of leather goods, and also (when chiUed 
and pressed from deposited solid fats) as a 
high-grade lubricant for delicate machinery such 
as clockwork; as a lubricant, however, it is now 
frequently replaced by light petroleum spindle 
oils. Its uses for both technical purposes are 
governed mainly by the circumstance that the 
oil has practically no “ drying ” properties, 
since it contains practically no linoleic or other 
polyethenoid glycerides; further, it contains 
much less saturated acids than the ox depot fats 
(from which it differs entirely in composition) 
and consequently only very small proportions of 
glycerides which separate from the oil at the 
ordinary temperature. As already mentioned, 
these small proportions are frequently removed, 
by pressing the refrigerated oil prior to use as a 
lubricant. The chief component acids appear 
to bo palmitic (17-18%), stearic (2-.3%), and 
oleic (74-76%) (Eckart, Z. Unters. Nahr.- u. 
Genussm. 1922, 44, 1). 

Wool Fat,” Wool Grease, or Wool 
Wax (v. Wool Grease, Vol. VI, 135c) should 
perhaps be mentioned here, if only as a re¬ 
minder that it is essentially a wax and not a 
glyceridic fat. It is present in raw sheeps’ 
wool to the extent of about 20-30% and must 
1x3 removed in the w’ool-scouring process before 
the wool can be handled by the textile industries. 
Very largo quantities of the recovered wool 
grease are therefore available for trade purposes. 
When of sufficiently high quality it is refined 
and, under the name of lanolin, employed as an 
ointment and otherwise in pharmacy ; much of 
the wool grease produced technically is, how¬ 
ever, dark in colour and unpleasant in odour, 
with a high content of free acids. The material 
is produced in the sebaceous glands at the base 
of the hair of the sheep and, in common probably 
with some other glandular secretions (e.g., of 
the ear), is essentially a mixture of ester-waxes. 
Wool grease consists mainly of esters of the 
alcohols cholesterol and isocholesterol; the 
acidic components do not belong to the normal 
aliphatic series (except in so far as palmitic and 
oleic acids may be very minor components), but 
are mainly saturated, with melting-points lower 
than those of the corresponding acids of the 
n-aliphatio group. The nature of these acids is 
uncertain. According to the most recent work 
(Weifkamp, J. Amer. Chem. Soc. 1945, 67, 447) 
they appear to belong to several series of w- 
alkyl-substituted long-chain aliphatic acids 
(see alse Kuwata and Ishii, J. Soc. Chem. Ihd. 
Japan, 1936, 89, 317b ; Abraham and Hilditch, 
J.S.C.I, 1936, 6 ^ 398t). The acids present in 
largest proportions contain about 26 carbon 


atoms and belong to the saturated scries; 
hydroxylated or lactonic acids of compositions 
approximating to CgoH^gOa, and 

C15H30O3 are also present in small quantities. 

II. BUTTER OR MILK FATS. 

The milk fats (v. Vol. VTII, 117) of mam- 
I mals differ considerably in thei’* composition 
(cf. p. 32). In many animals the milk fat, is 
probably not very different from the other body 
or storage fats, in others the proportion of 
lower saturated a^ids may reach a combined 
figure of 20-25% of the total acids. The amount 
of butyric and/or other lower saturated acids 
appears to bo greatest in the case of ruminants, 
although these also occur in some degree in the 
milk fats of some other animals. Detailed figures 
for the component acids of milk fats are still 
very incomplete, except in the cases of those 
of the cow and of a few other animals. Com¬ 
parison of tlic average Reichcrt-Meissl and 
Polenske values of animal milk fats serves, 
however, to give general indi(‘ations respectively 
of the proportions of butyric and n-hcxanoic 
(caproic), and of w-odanoic (caprylic) and n- 
decanoic (capric) acids. Typical data are as 
follow^s: 



Ileicliert-Meissl 

Polenske 

Milk fat. 

value. 

value. 

Dog . . 

1 2 


Pig . . 

1-7 


Human . 

1-4-2 4 

1-5 2-2 

Mouse 

2-9 


Cat . 

4-4 


H orse 

7-0 

0 1 

Ass . 

J31 


Rabbit . 

in-i 


Camel 

l()-4 

1-0 

(loat . 

20 20 

2-2-9 S 

Sheep 

22 22 

2-2 0-9 

Bulla lo . 

2(>-24 

l-()--2-4 

Cow . 

22 2(5 

1-3 3-5 


It will be noted that human milk-fat contains 
only traces of the low^er acids characteristic of 
cow milk-fat, and the partially quantitative 
work of Bosworth (J. Biol. Chem. 1934, 106, 
236) confirms this and also suggests that it is 
closely similar in component acids to a typical 
animal body-fat of the softer type (Ce., relatively 
rich in oleic and poor in stearic acid). Recent 
data (Hilditch and Meara, Biochem. J. 1944, 38, 
29) show that the component acids of human 
milk-fat include decanoic 2, lauric 6, myristio 8, 
palmitic 22, stearic 9, arachidic 1, tetradecenoic 
0-5, hexadecenoic 3, oleic 37, octadecadienoic 
(including some linoleic) 8, and unsaturated 
Cjjo and C22 acids 3% (wt.). 

80 far as edible fats are concerned, cow-milk 
or butter fat (v. Butter, Vol. II, 1616) is of 
course by far the most important. Indeed, 
apart from native butters produced in a few 
districts of some countries from the milk of the 
buffalo, or, in some instances, of goafs or sheep, 
it is the only form of butter fat which is pre¬ 
pared for human consumption. Its production 
probably still considerably exceeds that of all 
the margarine fats prepared as butter sub¬ 
stitutes, and for a number of reasons it seems 
bkely to hold its place in popular esteem, in 
spite of the fact that from a nutritional stand - 
point, including vitamin content, modem mar¬ 
garines are imdoubtedly equal to butter. Apart 
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from any remaining popular prejudice, freshly 
made butter possesses an attractive aroma or 
flavour which is difficult to reproduce completely 
in margarine, whilst by virtue of its specific 
mixture of mixed component glycerides it has 
a spreading capacity or “ sproadability which 
has not yet been equalled in margarines. 

Butter from cow's at pasture is normally 
richer in vitamins-A and -D than those from 
stall-fed animals in winter. By feeding appro¬ 
priate concentrates of these vitamins, or ensiled 
green-fodder still retaining carotenoids from the 
original pasture-grass, however, winter butters 
of enhanced vitamin content can be produced. 

8 o far as the composition of the fat itself is 
concerned, the chief component acids of cow 
butter-fats (as of the body fats) are oleic and 
palmitic, with subordinate amoimts of myristie 
and stearic acids, characteristic (although 
individually small) proportions of butyric, 
caproic, capryhc, and capric acids, and minor 
amounts of lauric and arachidic acids, of an 
interesting series of lower J^-monoethenoid 
acids of the C^g, 0 ^ 4 , and series, I 


and traces of highly unsaturated C^q and C 22 
acids. A small quantity of diethenoid C^g acid 
present is not identical with seed-fat Imoleio 
acid, although the latter may also be present 
in traces. 

Data for all the component acids of a wide 
range of cow butter fats are now available, and 
a few typical examples are quoted in Table XXII. 
Similar data for goat, sheep, and buffalo milk 
fats are also included (some of the minor com¬ 
ponent acids of the unsaturated series were not 
determined in the case of the buffalo milk fat). 
Owing to the wide variation in molecular 
I weight of butter fatty-acids, comparison by 
weight percentages is misleading and therefore 
the molar percentages of the acids are also given. 
It is then seen that, whilst oleic and palmitic 
acids are the main components, butyric, myristie, 
and stearic acids each contribute about 10 mole¬ 
cules out of every 100 molecules of the mixed 
fatty acids of cow butter-fat. It will be noted 
that sheep and goat milk-fats contain larger 
proportions of capric (and caprylic) acids, and 
less oleic acid, than cow or buffalo milk-fats. 


Table XXI T. — Component Acids of Milk Fats. 


(i) Cow Butter Fats. 



Stall-fed 

Pasture 

Stall-fed 


Pasture I 

I 


(winter), 

% (wt.). 

(summer), 

(winter), 

% (mol.). 

(summer). 



% (wt.). 


% (mol). 

Saturated acids : 



, 






Butyric. 



3-7 

3-7 

9-8 


30-2 

Cuproic. 



20 

1-2 

41 


2-5 

(Japrylic. 



10 

0-8 

1-6 


13 

t^apric. 

. . 


2-6 

11 

.3-5 


1-5 

Lauric. 



1-7 

2-8 

20 


3 3 

Myristie. 



9-3 

8-1 

90 


8-6 

Palmitic. 



25-4 

22-5 

23-4 


211 

Stearic. 



10-7 

11-6 

8-9 


9'9 

Arachidic. 



0-4 

0-9 

0 3 


0*7 

Unsaturated acids : 






1 

1 



Decenoic. 



01 

01 

01 


0-2 

Dodecenoic. 



0 1 

0-2 

0-2 


0-2 

Tetradeceuoic. 



1-2 

0-8 

1-3 


0-9 

Hexadecenoic. 



50 

30 

4-6 


2-8 

Oleic. 



32-4 

36-8 

270 


31-4 

Octadecadleiifdc. 



4 0 

5-7 

3 3 


39 

Unsaturated C 20--22 .... 



0-4 

0-7 

0-3 


0-5 

(ii) Other Milk Fats. 


Buffalo, 

Goat, 

Sheep, 

Buffalo, 

Goat, 

% (mol.). 

Sheep, 


% (wt.). 

% (wt.). 

% (wt.). 

% (mol.). 

% (mol.). 

Saturated acids: ' 









Butyric . ' . 

41 

30 

2-8 

10-9 

7-5 

7‘5 

Caproic. 

1-4 

2*5 

2-6 

2-8 

4-7 

5-3 

Caprylic. 

0-9 

2*8 

2-2 

1-6 

4-3 

3-6 

Capric. 

1-7 

100 

4-8 

2-4 

12-8 

6*4 

Lauric. 

2-8 

60 

8-9 

3*3 

60 

4*5 

Myristie. 

101 

12-3 

9-7 

10-5 

11*8 

9*9 

Palmitic. 

3M 

27-9 

23-9 

28-7 

241 

21-6 

Stearic. 

1L2 

60 

12-6 

93 

4-7 

10*3 

Arachidic. 

0-9 

0 j6 

11 

0-7 

■ 0*4 

0*8 

Unsaturated acids : 









Decenoic. 

* 

0-3 

0-1 

* 

0-3 

0*2 

Dodeccnoic. 

» 

0 3 

01 


0-3 

0*2 

Tetradecenoic. 

1 ^ 

0‘8 

0*6 

» 

0’8 

0*6 

Hexadecenoic. 

• 

2-6 

2-2 

* 

2-2 

2*0 

Oleic. 

33-2 

2M 

26-3 

27-7 

16*5 

21-6 

Octadecadienoic. 

2-6 

3*6 

6-2 

2'2 

2*8 

4*3 

Unsaturated C 20-22 .... 

* 

0-2 

19 

* 

0-2 

1*3 


♦ Included with oleic acid. 
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Some of tho component acids of cow butter- 
fats are subject to certain variations in propor¬ 
tion, these variations being connected, inter 
alia, with the following circumstances. Tho 
palmitic acid content, which is normally some¬ 
what lower than in the dep(»t fats and averages 
perhaps 25% of the total acids, apjiears to fall 
gradually with increasing age and number of 
lactations of the animal; this decline in propor¬ 
tion of palmitic acid is compensated for partly 
by a slighter progressive increase in oleic acid 
ct)ntent, and partly by still smaller inca'oases 
distributed over the lower saturated and stearic 
acids. A more pronounced alteration is a 
seasonal one, duo to tho change in mode of life 
during winter as compared with summer, when 
the cattle are freely out at pasture. Towards 
the end of the winter the oleic acid content of 
cow milk-fat is at its lowest, hut on going out 
to pasture there is an abrupt change both in the 
milk yield, in a slightly lowered fat content of 
the milk, and in the proport.ions of the chief 
(•omponont acids in the milk fat. The oleic 
acid of tho last increases in the course of a few 
days at pasture by about 4 or 5 units per cent., 
compensated by slight decreases in most of the 
other component acids, including butyric acid. 
Throughout the pasture season the milk fat 
continues to be somewhat richer in oleo-glycerides 
than when tho cattle are in their winter quarters. 
This dilfcrence seems to be the result of changes 
in conditions other than diet, since cows fed 
during winter on ensiled grass fodder show the 
same variation in milk-fat composition as those | 
f(^d on roots or other typical stall-feed (llilditch 
and JaspcTSon, J.S.C.l. 1941, 60, 305). 

In addition to the lower saturated acids from 
butyri(! upwards, cow milk-fats contain pro¬ 
gressively diminishing proportions of hexa-, 
tetra-, and do-dccenoic acids, and decenoic acid, 
the amount of tho two last acids being only a 
few fractions of 1 %. In all four acids tho un- 
saturation is in tho d^-position, as in oleic acid, 
and it is possible that they represent stages in 
tho biochemical transformation of oleo-glycerides 
of the blood in which tho oleo-radical has been 
shortened, two carbon atoms at a time from the* 
non-carboxylic end of tho chain, and in wliich the 
ethonoid bond has escaped conciiiTent saturation 
to a palmitic, myristic, lauric, or capric group. 
That tho milk-fat glycerides aro derived from tho 
glycerides in the blood entering tho mammary 
gland has been established by measurement of 
the glycerides in the blood before and after 
passage through the mammary glands of the 
cow (Graham, Jones, and Kay, Proc. Roy. Soc. 
1936, B, 120, 330; Shaw and Petersen, J. Dairy 
Sci. 1938, 21, A, 122). 

When cows are kept without food for a few 
days, marked alteration occurs in their milk-fat 
component acids (Smith and Dastur, Biochem. J. 
1938, 32, 1868). The lower saturated acids, 
especially butyric acid, are much reduced, and 
a large increase in the oleic acid content takes 
place, so that the fat resembles in composition 
a very soft cow-depot-fat much more than a 
normal butter-fat. Similar suppression of 
but 3 rric.and the other lower acids, and aug¬ 
mentation of the oleic acid content, has been 
observed in cows suffering from ketosis (Shaw 
VoL. 
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et al, J. Dairy Sci. 1941, 24, 502; 1942, 25, 
909). 

Like depot fats, tho composition of cow milk- 
fats may bo influenced as the result of fats 
assimilated in tho feed of the cows. Fats rich 
in oleo-glycerides, such as groundnut, linseed, 
or rape oils, when fed to cow^s cause an increase 
in the oleic acid content of tho milk fat com¬ 
pensated for by general adjustments in tho pro¬ 
portions of the saturated acids ; as a rule, how¬ 
ever, the content of butyric and lower saturated 
acids is not drastically reduced. A curious 
feature is that the linoleic and linolenic acids 
present in such fatty oils do not appear in tho 
butter fat; the milk fat of cows receiving linseed 
oil in their diet, although much richer than 
normal in oleic acid, contaiiuul only traces of 
seed-fat linoleic acid and no detectable lino¬ 
lenic acid, whilst that of cows receiving rape 
oil also contained only traces of seed-fat linoleic 
acid, although minor amounts of erucic gly¬ 
cerides were found in the milk fat. The highly 
unsaturated acids of the Cgo and C 22 series 
present in cod-hver oil pass, however, to some 
extent into the butter fat of cows w^hich have 
received cod-hver oil as part of their diet, and 
apparently these highly-unsaturated acids affect 
the normal metabolism of the mammary gland, 
for tho butyric and other lower saturated acids 
are reduced to about half their normal j)ropor- 
tions and the oleo-glycerides are much increased 
above the normal figure, so that the effect on the 
milk fat of cod-liver oil fed to the cow is similar 
to that produced by inanition or ketosis (Hil- 
ditch and Thompson, Biochem. J. 1936, 30, 677). 
When cows receive coconut or palm-kernel oils 
as dietary fats, tho content of lauric and 
myristic acids in the milk fats is increased, 
lauromyristins from the nut oils evidently 
passing to some extent into the milk fat. 

The compo7ient glycerides of a typical butter- 
fat from cows on summer pasture have been 
given approximately by liilditch and Paul 
(J.S.C.l. 1940, 59, 138). In molar percentages, 
monopalmito-glycerides form about 70%, and 
dipalmito-glycerides about 7%, of the butter 
fat; in other words, the distribution of the 
palmitic acid is very similar to that in ox depot- 
fats (c/. Table XXI, p. 30). Tho monopalmito- 
glycerides included: 

% (inol.) of 
whole fat. 


ralinito-moiio-C 4 _i 4 -olcin 8 . . 212-30 

Paliiiito-stearo-olcins .... 17 S 

Pahiiito-dioleiri. 17-4 

Di-C4_i4-palinitin8 .... C 

Palmlto-mono-C 4 _i 4 - 8 teai‘in . . 0 

Palmitodiatearin. 1 


The dipalmito-glyc*erides included oleodi- 
palmitin ca. 5%, and monosaturated dipalmitins 
ca. 2%. The rest of the fat, containing no 
palmitic glycerides, was made up approximately 
of about 8 % stearodiolein, 12 % of mono- 
C 4 -.i 4 ^-oleostcarins, and 4% of di-C 4 _i 4 -olein 8 . 
The distribution of the butyric and other lower 
saturated (“ 04^14 ”) groups in the glycerides is 
thus very widespread, and these groups appear 
to replace part of the oleic and stearic groups 
which are found in the mixed glycerides of the 
corresponding depot fats. The extensive dis¬ 
tribution in more than half of the milk-fat 
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glycerides of the short-chain acyl groups in 
moletMiles which also contain two (or, loss 
frequently, one) oleic, j)almitic, or stearic 
groups, coupled with the simultaneous pre¬ 
sence of mixed glycerides of oleic, palmitic, 
and stearic acids in the other half of the fat, 
probably confers on cow butt('i -fat its character¬ 
istic texture and spreadability.” 

MARINE-ANIMAL FATS. 

I. FISH (LIVER OR BODY) OILS (r. A'oL III, 
24I:C-250c; 22()(/-23r)(/). 

The pecuhar and charac*teristic occurrence in 
marine-animal fats of a wide range of un¬ 
saturated acids, chiefly of the C^g, C^g, Cog* 

C 22 series, with high polyethenoid unsaturation 
in the members of highest carbon content, leads 
to properties which liave given some of the lish 
oils specific industrial applications. In addition. 


certain of the liver and intestinal oils of marine 
animals are comparatively rich (some very rich) 
in vitamins-A and -D and hence have become 
important sources of these vitamins. 

(i) Livkr Oils. 

Cod-liver Oil {v. Cod-liver Oil, A"o1. 
Ill, 244c; IV', 5976) is the most common of 
the industrial fish-liver oils; it ^\’aH of course 
used medicinally for many years before its 
importance as a source of vitamins-A and -JJ 
was understood. Liver oils from other fish of 
the cod or Gadoid family, especially coalfish 
or saith, and sometimes ling and hake, are 
included with cod livers in the production of 
the medicinal oil; so long as the oils are of 
similar A'itamin contents to (‘od-liver oil the 
product is equal in value to “ medicinal eod- 
liver oil,” irrespective of the particular species of 
the family from wdiich it has been juoduced. 


Table XXlll.—C hief (Iomfonent Ai'ijjs ‘>f 1'5sh-liver amd Body 1»Lvts. 



Fill 

con¬ 

tent, 


Cii- 

sajtoni- 

lial>h‘. 

1 Chief conii»oncnt acids. 

Fish, 

Cat 
iodine 
■s aluc 


8a 1 111 at ( 

d. 

1 t'lisatiiratcd. 


0 

0 

/!)• 

Ci4. 

1 c„. 

j ^18, 

j C 16 . 

1 Cig. 









i) lArcr Oil8. 






Cod 

40--Gf) 

15r>-17( 

0-8-1 

3 G 

8-11 

0 1 

10-10 
( -2) 

25 30 
t-3) 

25 30 
( - 5 
to 
-0) 

10 15 
( 7 
to 
-8) 


Coalllsh 

40-00 

1 .‘>5-17( 

0 7 I 

G 

12 13 

Tjuccs 

10 15 
( 2) 

29 31 
t“3) 

24 2G 
(-5) 

10 IG 
(-7) 

- 

Ling . . . 

ca. 70 

140-jr.( 

M 

r, 

13 

1 

13 

(-2) 

32 

(-3) 

24 

(-(•») 

12 

(-7) 


Hake . . . 

ca. 50 

150 lot 

1 3 

7 

! 

— 

17 

(-2) 

18 

(-3) 

31 

(-5) 

14 

(~7) 


Halibut . . 

ca. 20 

iGO-ior 

G-G 

4 

15 

1 

19 

(-2) 

34 

(-2) 

14 

( — 5-5) 

13 

(-7 5) 

— 

Tunny . . 

20- 25 

155-170 

1-8 


IS 

9 

3 

(-2-5) 

24 

(-2-8) 

28 

(-5-5) 

18 

(-7 4) 

. 

Skate . 

ca. 40 

180-190 

0*3 

4 

14 

— 

10 

(-2) 

20 

(-3-3) 

33 

(-7-3) 

19 

(-9-5) 

— 

Dogfish . . 

40-50 

140-145 

10 

0 

10 

3 

9 

(- 2) 

25 

(-2-3) 

29 

(-3-3) 

12 

(~4) 

G 

(-2) 

Eatflsh 

ca. 40 

I10-J30j 

37* 1 

I 


8 


3 , 
C~2) 

51 

(-2-2) 

20 

(~2-9) 

8 

(-3-5) 

0 

(?) 

Basking shaik 

ca. 50 

1 

170-190| 

50 -sot 

1 

14 

4 

4 

(-2) 

29 

(-2) 

10 

(-2) 

20 

(-21) 

1 

10 

(-2) 





(ii) JJodf/ OiLs. 






Herring . . 

8-20 

140- 170 

1-2 

7-8 

13 16 

Traces 

1 5-7 

(-26 
to 

-3 0) 

1 10-22 
(-2-9 
to 

-4-8) 

1 27-30 
(-4 

1 to 
-5) 

1 20 20 
(-4 
to 
-5) 


Sardine 

10-18 

100 190 

0-5-1-5 

G 

10 

2 

13 

(-2) 

24 

(-2) 

26 

(-5) 

19 

(-5) 

— 

Pilchard . . 

10-18 

150 

1 

5 

J4 

3 

12 

(-2) 

18 

(-3-3) 

18 

(-4-1) 

14 

(-8-5) 

15 

(10-9) 

Menhaden 

10-lG 

160-180 

OG-IG 

6 

16 

1 

15 

(-2) 

30 

(-4) 

19 

(-10) 

12 

(-30) 


Salmon 

10-14 

130-1 GO 

1 

4-5 

11-15 

1-2 

9-10 

(-2) 

26-29 

(-2-7) 

23-26 

(-5) 

16-21 

(-6-5) 

— 


♦ Chiefly batyl, etc., alcohols. t Chiefly squalene with minor amounts of batyl, etc., alcohols. 
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Other liver oils arc now known ■ wljich arc belong to these groups. Hydrogenated herring 
v(uy much riclu'r in one or botli of the fat- and similar oils may replace hydrogenated 
soluble vitamins than cod-liver oil. In spite of whale-oil in the manufacture of margarine or 
the facts that the fish in (piestion may bo less soap, but for the latter purpose the high pro- 
abundant than cod, or that their livers have portion of Cgo and acids (which on hydro- 
lower contents of fatty oil, the extremely high genation are finally converted into arachidic or 
vitamin potency ot the ()ils renders them behenic acids) causes the lathering power of the 
t(;chnically valuable. Halihut-liver oil, for soaps to be somewhat less than that of soaps 
example, is much in demand as a source of from hydrogenated whale oil. 
vitamins-zl and -7^ fur phannaeeutieal preparji- The child* component acids of tbe above fisb- 
tions, and tins is also the case to some exUuit liver and body oils, with their average ranges of 
with the liver oil of the tunny-fish, which is unsaturation, are illustrated in Table XXIII. 
fairly abundant in the Mialitm-rancan and j)art8 


of the Atlantic. A few s])ecics of shark, .. nirro 
especially the SOUpfm shark, also yield vitamin- AQUAIIC MAMMALS, 

rich liver oils which are ii'chnical sources of The oils from the blubber of whales belonging 
concentnites of vitamins-^ 1 a 7 id -77. to the family Bakruidw^ including Greenland, 

The component acids of most of the fish-liv^cr linner, hump-backed, and other whales, have- 
oils mentioned above (.see Table XXI 1 1) contain become of great tcichnical interest since the 
as a rule about !i()-30% each of nnsatiiratcd introduction of fat hydrogenation on a largo 
acids of tlic Cjjij and Cgo scries, with 15-20% scale. 

of the and 10-15<\\ of the C 22 group; Whale-blubber Oil {see Whale Oil, 

saturated acids, mainly ])almitic, forin from Vol. V, 229h-23()?>) w'as, until about 1910, pro- 
15 to 20^0 c)f the total fiitty acids. I'he mean diu'cd by somewhat c-rude methods and was a 
unsaturation of each group of acids (conveniently Jow-priced oil used mainly, like the technical 
expressed as th(‘ fractional Tinmher of atoms of fish-oils {v, supra)^ in the leather industry, 
hydrogc'ii short of comfTlc'tc' saturation in th(‘ When fat hydrogenation became an industrial 
molecule', c.g.^ --2-0 H signifying rnonocihenoid) ])roccss, whale oil became the favourite raw 
iiicic^ases with rising molecular wc'ight of the material for hardening owdng to its low price- 
homologous groups: C^g, —2-0 H; Cjg, and to the circumstance that, in spite of a general 

— 2-5 to —3 0 H ; C.^o, —50 to —0*0 H ; and resemblance in composition to the fish oils, its 
C 22 » -7-0 to —8*0 H." Diclliciioid unsaturation content of acids of the Cgo find Cgg series is not 
is very small, and each group of acids includes so grc'at as to cause the soap-making properties 
monoetbenoid along w ith tedra-, penta- and of hardened whale-oil to be very difi'erent from 
hexa-ethenoid acids {rf. p. 13cf). those of ta Howl 

In the Flasmobraiich group of fish, liver oils The component acids of the Northern and 
of the dog-lish and skate group may be found Southern types of whale oil show characteristic 
amongst technical oils listed as cod oils,” but dilfcrences. The Arctic varieties are more un- 
havo no value as vitamin-containing oils. As saturated and (‘ontain more of the Cgo find C 22 
already mentioned, soiipfin and a few' other acids than the Antarctic oils; the former thus 
shark-liver oils arc. rich in ^'ilamins->4 and -77; resemble more nearly the ordinary marine fisli 
8 om (3 olhei species of the smaller shark-s, and oils, whilst the Antarctic-whale oils are in com- 
also rays, contain liver oils wdth variable po.sition intermediate in some respects between 
and often high contents of the b^ali'ocarbon marine and fresh-water fish oils. Arctic-wdiale 
scpialcne and, hi some case.s, of the glycerol oils usually have iodine values ol 140—150 and 
mono-fatty alcohol ethers known as batyl, their component acids may include (approxi- 
chimyl, and selachyl alcohols. Tlio latter oils mately): myristic 4-0, palmitic 10-12, stearic .3, 
arc not-yet available technically to any largo unsaturated Cjg 15-18, Cjg 30-35, Cgo 18-20, 
extent. As explained earlier (p. Oh) the and Cgg 10-12%. Antarctic-whale oils, on 
nature and proportion of the component acids the other hand, have lovver iodine values ( 110 - 
of Elaswobranch fish-liver oils are related to 120), their component acids being usually: 
their content of squalone and butyl, etc., myristic 6 — 8 , palmitic 18-20, stearic 1 - 2 , un- 
alcohols. Oils relatively rich in these “ un- saturated 11-13, C^g about 40, Cgo 
saponifiable” comxjonents are less unsaUirated and C 22 fi”7%. The average unsaturation of 
than the rest of fish-livor oils; examples of the the unsaturated acids is of the same order in 
component acids of the liver oils of the skate, both types, namely, almost wholly mono¬ 
dogfish, ratfish, and some shark species will be ethenoid, C^g, —2*5 to -3*0 ; Cgo? —5*5 to 
found in Table XXill. -7*0; and Cgg, “S’O to -10*0 hydrogen atoms 

per molecule. Nearly 90% of the unsatiirated 
(ii) Body Oils. Cjg acids of whale oil is oleic acid, the rest being 

The flesh of some species of fish is fairly rich mainly ootadecatctraenoic acids, C 2 gH 2 g 02 * 
in fat, and technical fish oils are extracted from Whale-liver Oil forms only about 3-4% of 
the flesh of herring and several related fish the organ, but is sometimes worked up separately 
(sardine, pilchard, menhaden) and of salmon on account of its high content of vitamin-A. 
from the Pacific coast of North America. The The fat appears to be very similar in composition 
oils from all these fish are of similar general to the blubber oil since, according to Klem 
composition to cod-liver oil, but usually contain (Hvalradets Skr. 1935, No. 11, 5) the component 
higher proportions of unsaturated C^o and acids include 18% of highly unsaturated and 
(especiaUy) Cgg acids than the latter. Nearly 24% of ” soHd ” (i.e., saturated and higher 
half of the component acids of herring oil monoetbenoid) acids. 
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It may filwo be mentioned again that wJiale blubber or head cavity of the sperm, cachelot, 
milk-j'at is closely similar to the blubber fat, its or bottlenoso whales, dilFers entirely in corn- 
component acids being made up of myristic 8 , position from the type of whale oil, and 

])almitic 17, stearic 2 , unsaturated 6 , C^g 27, consists largely of esters of higher fatty alcohols 
Cgo 2 ( 3 , and C 22 13% ; the mean unsaturation of with higher fatty acids in addition to a certain 
the higher acids (C^g —S-S, Cgg —8*5, and C 22 proportion of triglycerides. Consequently, al- 
— 11 ) of the milk fat is, however, greater than that though liquid at the ordinary temperature, 
of the body fat (Idem, op. cit.). sperm-whale oils deposit on cooling a solid wax 

Seal-blubber Oil has been used for various {see Speiimaoeti) which is mainly composed of 
purposes (amongst others as an illuminant) for cetyl palmitate, myristate, and laurate. The 
at least as long as whale oil, but its production industrial process of obtaining spermaceti, 
has not incTeased by any means to an extent namely, chilling the oil at 0 ° for some weeks and 
similar to that of whale oil, in spite of the fact subsequently pressing it at 0 °, followed by re- 
that seal oil of excellent quality is obtainable pressing the solid residue at about 15®, leads to 
from time to time. Its iodine value is usually a yield of about 10-15% of sperniacHiti from the 
intermediate between those of Arctic- and original oil, since much of the solid wax-esters 
Antarctic-whale oils and, according to a partial remain in solution in the liquid constituents, 
analysis by Williams and IVIakhrov (Schrift. Complete hydrogenation of sperm oil furnishes 
Zent. Forsch. Lebensm. (U.S.S.K.), 1935, 4, a wax of higher melting-point (48-52®) than the 
157), it contains the following groups of acids: natural spermaceti, oleyl esters in the original 
saturated (mainly palmitic) 18, liquid mono- oil being converted into octadccyl esters of 
ethenoid (presumably oleic and hexadeccnoic) palmitic, stearic, aracliidic acids, etc. 

01, solid monocthenoid (probably C 20 ) 7, anti The oils from the head cavity and the sub- 
highly unsaturated acids 14%. Burke and cutaneoustissuesofthespcrmwlialediffercon- 
Jaspersori (J.iS.C.I. 1944, 63, 245) record myristic siderably in composition. Sperm-head oil con- 
4-9, palmitic 11*4, stearic 1- 8 , arachidic 0-5, with tains about 75% of wax esters and 25%* of 
unsatiiraUd 6^4 1-3 (—2-0 H), C^g 13-1 glycerid(?s, whereas sperm-blubber oil has as a 
(—2-0 H), C |8 39-3 (-2-5 H), C 20 23-2 (—4-9 H), rule about 65% of wax esters and 35% of 
and C 22 acids 4*7% (wt.) (—5*0 H). glycerides. The fatty alcohols present as wax 

The component glycerides of several fish and esters in the head oil comprise nearly 50% of 
whale oils have been investigated from a semi- cetyl alcohol CiqH 37 (OH), 10 - 12 % ea<ih of 
quantitative standpoint. All the investigations octadccyl alcohol, C 4 gH 37 (OH) and of hexa- 
in this field point to the conclusion that the fish decenyl alcohol CjgngifOH), about 25% of 
and whale oils, with their complex mixtures oleyl alcohol, CigHgg(OH), and a small amount 
of component acids, are made up of complicated of eicosenyl alcohol, those in 

mixtures of mixed triglycerides. In any one the blubber oil are made up of less of saturated 
triglyceride molecule of a fish or whale oil there alcohols (15% cetyl and some octadccyl), about 
are probably very frequently throe different 05% of oleyl alcohol, and about 10% each of 
acyl groups; “ even distribution ” of fatty acids hcxadecenyl alcohol and of alcohols of the Cgo 
amongst the glycerol molecules is prc^nounced, group. The unsaturation of the acids in sperm 
and coupled with the large number of com- oil is almost confined to monoethenoid com¬ 
ponent acids, leads to a most heterogenous pounds, and in this respect and in the presence 
mixture of, in most cases, trebly mixed tri- of more acids of lower molecular weight and less 
glycerides. acids of the Cgo and C 22 groups the sperm-oil 

An Antarctic-whale oil was partly resolved fatty acids are sharply differentiated from those 
into simpler mixtures of its components by of ordinary whale oil. The component acids of 
crystallisation from acetone at progressively low sperm-head O'il include : caprio 3, lauric 10, 
temperatures down to —30° (Hilditch and myristic 14, palmitic 8 , stearic 2, dodecenoio 4, 
Maddison, ibid. 1942, 61, 109). 80% of the tri- tetradecenoic 14, hexadecenoic 15, oleic 17, and 
glycerides contained one unsaturated gadoleic 7%, whilst those of sperm-blubber oil 

group (mainly oleic), and two of those groups are: lauric 1, myristic 5, palmitic 7, tetra- 
were present in a further 8 % of the oil; oleo-di- decenoic 4, hexadecenoic 26, oleic 37, un- 
unsaturated {0^, Cjg, Cgoi C 22 ) glycerides saturated Cgo 19 (—2*5 H), and unsaturated 
formed 12, oleo-saturated-unsaturated (C 14 , Cjg, Cgg 1% (—4 H). The 30% of fully saturated 
Cgo* C 22 ) glycerides 66 , and oleomyristo- esters and glycerides in the head oil (the blubber 
palmitins 8 % of the whale oil. About half of oil contains only minor amounts of fully 
the whale oil contained no acid higher than the saturated compounds) is made up of alcohols 
Cjg series, and about one-third contained one and acids of lower average molecular weight 
-or two groups per triglyceride molecule of the than that of the whale oil. 
highly unsaturated Cgo or C 22 acids. One Dolphin and Porpoise Oils.—Marino mam- 
consequence of the general glyceride structure mals belonging to the family Delphinidai (dol- 
of whale oil is that, after hydrogenation to the phin, porpoise, white whale) contain deposits of 
same iodine value as that of a beef tallow, it fat in their blubber and also in cavities in the 
contains fully-saturated components similar head and jaw. All these types of fat are unique 
in proportion and composition to those of the in containing notable proportions of combined 
latter, although of course the constituents of Movalerio acid, which is most abundant in the 
the mixed saturated-unsaturated glycerides in jaw oils and least abundant in the body oils, 
the rest of the fat are qualitatively dissimilar This isovaleric acid is in combination with the 
from the corresponding glycerides of a beef fat. usual higher fatty acids in the form of mixed 
Sperm-whale Oil {v. Vol. V, 230a), from the glycerides and no tri-i^valerin has been detected. 
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Moreover, valeric acid is absent from the 
liver, heart, and other organ fats of the porpoise, 
and is only present in traces in the fat of the 
porpoise foetus (Lovern, Biochem. J. 1934, 28, 
394). Thus, although wovaleric acid is absent 
from the liver and other organ fats, its mode of 


association with the higher fatty acids in the 
mixed depot-fat glycerides is exactly similar to 
the manner in which the latter are themselves 
assembled in other fats as mixed glycerides. 
Lovern {op. cit.) gives the component acids for 
dolphin and porpoise fats shown in Table XXIV. 


Table XXIV.— Component Anns (% wt.) of Dolphin and Porpoise Fats. 



Dolphin. 


ror]»oiao. 



Dlubbcr, ^ 0 . 

Head, 

Blublx'r, %. 

Head, %. 

Jaw, %. 

Saturated acids: 

woValcric. 

3-2 

13 0 

13*6 

20-8 

25-3 

Laurie. 

DO 

2-4 

3 5 

41 

4-6 

Mvristic,. 

7-2 

\'i:> 

12-1 

15-8 

28-3 

I’alniitic. 

K-0 

ii() 

4 7 

7-5 

41 

Stearic. 

0-8 

0 4 


0-2 


Vnsaturated acids : 






Dodccciioio. 


— 

'rraci'H 

— 

Truros 

'retradcceiioic .... 

4-7 

2-7 

4-7 

4-(> 

3-2 

Ilexadt'cciioic .... 


2r,-4 

27-2 

2()-8 

20 3 

Cl 8 Kroiip. 

241 (-3-3) 

(-2-S) 

10-7 ( — 2*8) 

15-2 (-2-0) 

0-3 (-2-0) 

C 20 group. 

18 (» (-(rf)) 

12-7 (-.''vf)) 

10-5 (-4-8) 

0-4 (-4-5) 

4-0 (-4-0) 

C 22 Kioup. 

r>-'3 ("7 6) 

2-(>(-7-2) 

7-0 (-4-0) 

l-0(-4 7) 



The blubber fats contain 2-3%, an<l the head 
and jaw oils somewhat larger amounts (uyi to 
10 % or more) of higher fatty alcohols combined 
with the fatty acids as w^ax esters. 

TFCHNICAL PREPARATION OF FATS 
AND FATTY OILS. 

Extraction of Fats. 

The methods of preparing fats and fatty oils 
for human use date back as far as the history of 
the human race. The crudest m<‘thoda of 
“ rendering ” oils from seeds and fruits, which 
are probably still practised in certain backward 
tropical regions, consist in allowing the broken 
fruits to melt by the heat of the sun, when the 
exuding oil runs off and is collected. The native 
production of palm oil, as also of coconut oil 
by boiling the copra with water, are later 
developments of the.se primitive procedures, and 
lead eventually to the methods practised on the 
largest modern scale for “ rendering ” animal 
fats and oils from the tissue, as is done in the 
technical production of tallows, lards, cod-liver 
oil, and whale oil. 

Again, the preparation of fatty oils from small 
seeds, such as those of flax or rape, was practised 
originally by crushing the seeds and grinding 
them between stones (as is still done in some 
parts of India). A development of this lay in 
bruising the seeds and pulverising them under 
an edge-stone, heating the meal in an open pan, 
and pressing it in a wedge-press, the wedges 
being driven home by hammers. A further step 
consisted in employing stone mills on the 
principle of a mortar and pestle in which a 
bullock or horse was used to provide the motive 
power in the grinding. These processes repre¬ 
sent the initial stages from which have developed 
the modern procedures of expression in hydraulic 
presses or by oil-expellers. A further modem 
device, that of extraction by solvents, represents 
an alternative procedure of comparatively recent 
introduction. 


At the present day it is recogniaed that fats as 
produced in the mature living tis.suc, vegetable 
or animal, are in a condition of maximum x)uriiy 
and freshness, and that any changes which may 
set in during their isolation for technical use 
must be of a retrogre.s8ive or deteriorating 
chara(;ter. CY)nHequently the first aim, during 
collection, storage, transport or preliminary 
preparation of the fatty material for extraction 
of its contained fat, must be to guard against 
deterioration of the latter, either by biological 
(enzyme) or merely (hemical changes, and 
especially in respe(^t of partial hydrolysis oi 
oxidation of the fat. The subHequtuit fat 
extraction is effected by one or more of the 
following methods: expression by the appli¬ 
cation of pressure to the cold or warmed com¬ 
minuted tissue; extraction of the latter bv 
suitable organic solvents ; separation of the fat. 
by heating the comminuted tissues with water, 
either at the ordinary pressure or in autoclaves 
(“ rendering ”). 

The current procedures for dealing with various 
types of fat-containing produce are briefly 
reviewed here, but for a more complete descrip¬ 
tion of the plant involved the reader should 
consult one or other of the more comprehensive 
monographs in which the subject is treated in 
full detail (c/. Bibliography, at end of article). 

Extraction of Fats from Vegetable 
Pulp (Fruit Flesh),—The only fats at present 
produced on a large scale from the flesh of fruits 
are palm and olive oils. This type of raw 
material is obviously more easily damaged by 
retrogressive changes than hard seeds or nut 
kernels, and groat care is essential in gathering 
and handling the fruit. The fruits should be as 
exactly ripe as possible, and bruising of the 
fruit during collection or transport must be 
avoided. In modern practice palm and olive 
oils are extracted at factories located com- 
I parativoly close to the plantations where the 
fruit is growm. On arrival at the factory, the 
I palm fruit is sterilised by heating under slight 
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steam-pressure and then either passed through When the seed is required for extraetion, it is 
a machine in which the pericarp is sliced and the first cleaned from any adherent fibre, mineral 
palm nuts removed, or into a digester w^hich matter, etc., by machinery, and passed over a 
separates the pulp from the nuts. The fruit magnetic separator to remove any parlieles of 
pulp is then either fed into a steam-jaekeiod iron or st(^el. Next, if the husks are to be 
hydraulic press to remove the oil, or into a removed, the seed may be deeortiented at this 
(centrifugal extractor fitted so that steam can stage by passage through rollers with sharp 
be injected into the mash during centrifuging, grooves or cutting edges which can fracture^ the 
Over 85% of the palm oil present is obtained, shells without cutting or bruising the ktcrnels or 
after settling from entrained mucilage, as an oil “ meats ” : or, if not, it may have an>' plant 
with less than 3-5% of the fatty acid, and is fibrous hairs (e.jy., in cottonseed) removed in a 
exported in steel drums or in vessels fitted with delinting machine. The seeds are then ready 
largo oil-tanks. for grinding into meal which is in a form suitable 

Modern production of olive oil consists in for extraction (d the fat. The milling machimu’y 
breaking up the fruits in stone edge-running employed consists of a series of rolls, through 
mills and treating the resulting pulp in hydraulic which the seed is fial and in which it is pro¬ 
cage presses, or in continuous presses of the gressively cut into particles of the napiisite 
expeller typo (e. infra), or by centrifugal fineness. The rolls are designed to function 
separation. In modern practice 00-70% of the with a cutting rather than a crushing action, 
olive oil is recovered by these processes as first- since it is not expedient at this ])oint to 
grade edible oil, the extracted pulp or marc cause expression of oil from the <‘ndos])erm 
yielding a further amount of lower-grade olive (;ells. The (h'sign and numbiu’ of the rolls in a 
oil on extraction with solvent. macdiine varies with the tyjHi of seed to b(^ 

Extraction of Fats from Vegetable crushed ; “ reducing ” machines with ndatively 
Nuts and Seeds.—In most eases seeds and coarse fluting are used for the eailier stages of 
kernels are worked up for their fiit in factories milling the larger s(’(‘ds, and “ tinishing V rolls 
far distant from where they arc colleet(‘d ; palm w hic h najiici' the seeds to fine part ich's of meal 
kernels and groundnuts from West Africa, for complete th(‘ jirocess. 

example, are extracted in Liverpool, Hull, Extraclion by —Secal meal to be 

Marseilles, or Hamburg; Egyptian and Indian extracted in either cage or ex])cllcr ])r(!sses 
cottonseed and other seeds in the English m.iy be treated in the cold, but more frtapiently 
factories and elsewLere, etc. Several points is expnvsscd at a moderate temperature, often 
connected with the transport and storage of the 50-00", and in some cases 100 -110". For hot- 
seed are therefore important. jiressing, the meal is first cook(‘d in stf'arn- 

Bulky nuts, e.g., those of the oil palm and jacketed vessels to th('. desired temperature, 
other tropical trees, in which the shell weighs The case Avith wdiieh seeds yield their fat during 
as much as or more than the kernel, are dis- api)licati()n of pressure dej)end8 on the moisture 
integrated (shelled) before transport in (jrd<'r content as well as the tcm])erature, and Skipin 
not to waste cargo space. Special disintegrating and others n^commend the addition during 
machines, designed to break the shell without cooking of a definite proportion of w\ater, f he 
fracturing the kernel, are employed at the place optimum moisture eontiuit and temperature 
of collection of the seed, or near to w here it is being variable but specific for each kind of seed, 
shipped, for this purpose. Seeds and nuts wdth Large hydraulic pro(;essos of various tyjX'S 
smaller and more fragile luisks, such as the are used for seed-expression. Broadly speaking 
groundnut, may or may not be similarly treated, these are of two classes : the “ open ” type in 
the term decortication being used for the shelling which the meal is placed in stout (winvas hags 
of seeds of this typo. The endosperm of the between horizontal iron plates, and the “ elosecl 
coconut forms a special case, since it is removed type in which the meal is filled direct on to a 
from the shells and dried in fragments to a fat- number of horizontal iron plates resting w ithin a 
content of about 65% by exposure to sun or in closed vertical casing perforated with minute 
heated air in kilns, the product (“ copra ”) holes through which the liquid fiit exudes, 
being then packed for shipment. SmaU seeds, Pressure is ax>plied usually in two stages, first 
such as linseed, rape seed, sunflower seed, and soya at J-J ton per sq. in., and subsequently at 
beans, are transported without decortication. 14—2 tons per sq. in. (open press) or 3-^ tons per 
The nut or seed, if ruptured or punctured, is sq, in. (closed press). The fat content of the 
susQoptible to retrogressive changes in its fat meal is thus reduced finally to a desired figure 
and other constituents; the fat is then com- of between 5 and 10%, depending on the 
paratively readily hydrolysed in presence of type of oil cake (cattle feed) for which it is 
moisture by lipolytic enzymes, and may also required {v. infra). The capital cost of a 
undergo other enzymic decompositions, notably hydraulic pressure plant of these types is large 
oxidation. To prevent development of rancidity and the process is therefore carried on in factories 
in any form, therefore, the seeds must be sound, where the output of oil is on a large scale; 
as free from supe^cial damage as possible, and expressed oils are frequently preferred to solvent- 
kept free from moisture during storage. Modern extracted oils, especially for the edible-fat trade, 
practice consists in storing seed in tall, narrow, whilst the seed cake produced has an oil content 
vertical, well-ventilated bins (silos); if the which adds to its value as a cattle food, 
temperature in a compartment rises the seed is Expeller presses are another form of fat ex- 
transferred to a fresh bin in order to dissipate pression plant which has been developed subse- 
the heat and check the development of hydrolytic quently to the hydraulic press. The seed meal 
action. is fed forward by a screw conveyor and pressed 
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tliroiigh a narrow:, annulus between a conical tracted seeds is priced as a rule at fibout half 
bead piece and a perforated cage ; the action of that of expressed oil-cake, and is assessed mainly 
the screw causes increasing pressure on the meal on the nitrogen content as an index of the protein 
as it passes through the expellor. The expeller content; extracted oil-cake is used, in admix- 
press thus works on the continuous principle, turo» with molasses and starchy materials, to 
and has some advantages over the hydraulic form “ compound ” cattle-cake. Cottonseed, 
press, especially whore the output of the factory linseed, groundnut, soya bean, palm kernel and 
is relatively not large. It has also found other oilseed cakes are rcaddy disposable in 
favour in the larger factories, especially in Europe and America as foodstuffs for farm 
America, and is frequently used in the expression cattle. 

of oil-rich seeds such as copra or groundnut to Extraction of Fats from Animal 
reduce the oil content to a stage at which the Tissues.—For the-most part the treatment of 
material (!an be more conveniently handled by anihial fatty tissues consists in “ rendering,” 
hydraulic pressure or by solvent extraction, i.e.., heating the tissue, usually with water 6r 
The expeller process is economical, but the oil st<^am, in onh^r to rupture the fat cells and 
produced may contain more mucilage than hberate the fat. The same general principles 
hydraulic-pressed oil, and usually requires ap])ly to the handling of animal as of vegetable 
filtration. tissues prior to fat extraction, namely, mainten- 

Extraction hy Solvmts. —Extraction of seed ance of the tissues in as cksan and aseptic con- 
mcals by organic solvents instead of by pressure ditions as possible, the removal of the fat- 
has made considerable headway, the solvents containing inatc'rial from adjacent non-fatty 
used being mainly light petroleum of b.p. tissues, and its reduction where necessary by 
(iO-80'’ or b.p. 80-100'^', but also to some extent chopjung or mincing to a state of flivision suit- 
trichloroethylene, which has the merit of non- able for rendering. In animals sudi as the pig 
inflammability. The seed meal is left somewhat or ox, the adipose tissues arc separated by hand, 
coarser for solvent than for preasure extraction, cleansed, and disintegrated by mai^hinery. 
and is charged in layers separated by fibre mats Whah's arc denuded of their blubber layers 
or other horizontal partitions in cylindrical mechanically and the strips of tissue cut into 
vessels headed with reflux condensers. Several smaller pieces by machines designed for the 
of the vessels may be connccdod in series and purpose, h'ish livers, such as i^od, are taken 
operated on the counter-current principle, so from the fish, washed mechanically or by hand, 
that fresh meal is exposed to solvent which is and are frequently rendered without cutting 
already charged with hit, whilst the almost- into smaller pieces. The precise mode of 
extracted meal receives a charge of fresh solvent, i^reparatory treatment thus varies with the raw 
The solvent is usually employed first cold and material from which the fat is to l)e obtained, as. 
later at a somewhat higher temperature The also do the extrai'tion procedures which are 
fat-charged solvent is finally passed through a subsequently operated. The main processes 
double still system, in which the bulk of the used for extracting fat from animal tissues will 
solvent is first evaporated and recovered, the next be briefly discussed. 

fatty oil then passing down the plates of a Rendering of Animal Fats in the Absence of 
column at the base of which a current of steam Water. —Perinephric and back or rump adipose 
enters and, during its upward passage, removes tissues of cattle and pigs contain 90% or more 
the last traces of solvent from the fat. The of fat, much of which is released from the cells 
residual extracted meal contains only 1-2% of when the tissues are heated to only a moderate 
oil and is freed from solvent by steaming, dried, temperature. The best edible qualities of beef 
and used in compound cattle foods or as tallow (“premier jus”) and lard (“neutral lard”) 
fertiliser. Solvent extraction thus yields approxi- are obtained by this means. The plant em- 
mately the full oil-content of the seed ; it is ployed consists of iron vessels lined with tin 
economical in use of solvent, the “ make-up ” or enamel and fitted with mechanical stirring 
of which should not exceed 3-5 gallons of spirit gear and a closed steam coil for applying heat, 
per ton of oil extracted. and closed with a light lid to exclude atmospheric 

Residual Oilseed Cakes. —Fully extracted oil- dust. The vessel is charged with the milled or 
cake has in any case considerable value as a shredded tissue, heated to the extract tempera- 
fertiliser or artificial manure^ since it contains ture appropriate to the material (usually 
notable amounts of protein nitrogen, phosphates, betw een 40° and 60°), and the contents gently 
and potash. Solvent-extracted fish (herring, agitated. The fat gradually escapes and floats 
etc.) meal is frequently used in this way, but to the top, from which, when the process is 
extracted seed-cakes arc usually so disposed of complete and the contents of the vessel have 
only when, by reason of toxicity, they are in- been allowed to settle, it is removed by a 
applicable as cattle foods (c.g., castor seed, skimmer-pipe. 

mowrah seed and some others). If a residual A modification of this “ dry-rendering ” pro- 
oil-seed cake is suitable for use as cattle food, cess, used for the production of inedible fats, 
its market value is much greater than when consists in the use of a steam-jacketed closed 
sold merely as a fertiliser, and most of the oil vessel, capable of withstanding moderate presr 
cake produced in Europe and America goes into sure, in which the minced tissues are heated 
“ straight ” or “ compoimd ” cattle-foods. The until a pressure of 30-40 lb. per sq. in. is attained 
cake from expressed seeds which still contains by the steam evaporated from the moisture in 
8 % or so of fatty oil is valued on its oil content the tissues. Mechanical agitation is usually 
and, after grinding, is sold to the dairy farmers provided to stir the material and to scrape off 
and stock breeders, That from solvent-ex- scraps which may adhere to the walls of 
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the vessel. Extraction is fairly complete at 
the temperature attained (120-130°), and the 
rendered mass is drained, the residual tissue 
being further extracted if desired by passage 
through an expeller press. Fat of good soap- 
making quality is thus obtained, but its slightly 
darker colour (compared with that of fat 
rendered at lower temperatures) restricts its 
use for edible purposes. The finally extracted 
powdered tissues are rich in protein and are 
suitable for poultry and similar foods. 

Rendering of Animal Fats in Presence of Water 

(i) uj) to 100°.—Vessels (not necessarily tin- 
lined) similar to those used for “ dry-rendering ” 
at 40-60° may bo employed, an open as well as 
a closed steam-coil being fitted in the present 
case. The tissue is placed, with about an equal 
weight of water, in the vessel and heating is 
effected by steam in the closed coils or by 
admission of open steam, the process being 
carried out at 40-60° if the highest edible 
qualities of fat are being produced, or at higher 
temperatures (up to 100°) if a higher yield of 
fat (of somewhat lower quality) is desired. The 
residual tissues are usually autoclaved (v. infra) 
to remove the remaining fat. 

This process, at 40-60°, is used to produce the 
best qualities of edible (“ neutral ” lard), whilst 
rendering with water at or up to 100° yields 
somewhat lower grades of edible lards and 
tallows. The latter process also furnishes the 
highest qualities of fish-liver oils (notably cod- 
liver oil) and whale oil (no. 0-1 grade). 

Rendering of Animal Fats in Presence of Water 

(ii) in Autoclaves above 100°.—Higher yields of 
fat, but usually of lower quality, are obtained 
by carrying out the preceding process in closed 
vessels provided with open steam coils, the 
contents being treated at pressures up to 150 lb. 
per sq. in. The fat charge (either fresh tissue 
or residual tissue from one of the above pro¬ 
cesses) is mixed with a small proportion of water 
and heated with open steam for several hours, 
usually at about 60-90 lb. per sq. in. pressure. 
Practically all the fat present is dislodged from 
the tissue and is drawn off after the pressure 
has been released and the contents of the vessel 
settled. 

The autoclave or digester process is used to 
produce the following, amongst other, technical 
fats: 

The lowest edible grades of lards—■“ leaf ” 
lard from the residual tissues left after the 

neutral ” lard has been extracted, and 
“ prime steam ” lard from tissues of the pig 
other than the flare (perinephric) and back. 

Ox and sheep tallows for soap and candle 
manufacture from all parts of the animals, other 
than the skin, bones, and intestines. 

Skin greases from tbe skins and adjacent flesh 
of pigs, oxen, and sheep; neat’s-foot oil from 
hooves of cattle; bone (and intestinal) fats of 
pigs, oxen, and sheep (bone fat, bone greases, 
brown greases; v. Vol. VI, 134c), 

Lower grades of fish and whale oils, including 
no. 2 grade whale-oil from the residues of the 
blubber after rendering the no. 0-1 grade oil, 
no, 3 grade whale-oil from whale flesh other 
than blubber, and no. 4 grade whale-oil from the 
hone and intestines of the whale (a very low 


grade, dark oil containing up to 30% of free fatty 
acid). 

Extraction by pressure (either in hydraulic or 
expeller presses) is sometimes employed in the 
manufacture of a few animal fats, including 
those of small fish (herrings, sardines, etc.) the 
flesh of which is rich in fat. 

It may be mentioned here that submission of 
edible tallows (‘^premier jus”) and lards to pres¬ 
sure in the cold is employed to separate these fats 
into others of equal edible quality but different 
physical consistency—respectively harder (oleo- 
stearin, lard stearin) or softer (olco oil, lard oil). 

/Solvent extraction is also occasionally met with 
in the production of animal fats; for example, 
in the isolation of greases from skins or bones, 
and of low-grade fish oils from hemng and 
similar fish residues. 

Refininci of Fats. 

All fats require some form, and usually several 
forms, of refining before they are suitable for 
further technical use, whether this is to be as 
edible fats, in soaps, candles, or as vehicles for 
paints, etc. The impurities which may require 
to be eliminated may be classified as (i) sus¬ 
pended matter, mucilaginous, colloidal, or 
resinous, carried mechanically with the fat 
during its extraction; (ii) free fatty acids pro¬ 
duced from the natural fat prior to or during 
extraction; (iii) natural colouring matters 
extracted with and dissolved in the fat; and 
(iv) semi-volatile compounds extracted with 
and dissolved in the fat, which thereby ac(piir(‘s 
an undcsired odour or flavour. Only in a few 
fats, notably the highest edible qualities of 
lard and “premier jus”, olive oil, cacao butter 
and perhaps one or two others, is the refining 
treatment confined to the removal of the first- 
named group of those impurities (mucilaginous 
j or other non-fatty matter in suspension in the 
fatty oil). The rest may require removal of 
free fatty acids, of coloured organic impurities, 
and (for edible purposes) of traces of impurities 
conferring odour and flavour, before they are 
in a suitable condition for final use. A brief 
account of the chief methods employed in the 
removal of each of those various types of im¬ 
purity will here be given; in general, however, 
it may be said that the refining of each individual 
fat presents special features, and that the 
technical procedure to be adopted varies corre¬ 
spondingly and to some extent must be deter¬ 
mined by experimental trial in each case. 

Removal of Suspended Non-fatty 
Matter. 

Removal of comparatively coarse mucilage, 
fragments of non-fatty tissue, etc., carried 
mechanically into the crude fat during extraction 
is usually effected by maintaining the fat in the 
liquid state in large tanks for several days, when 
the coarser impurities settle to tl^e bottom, 
leaving clear oil which can be drawn off or, if 
desired, filtered through a press. 

When, as frequently happens, the fatty oil 
contains in suspension not only relatively coarse 
particles but ako very finely divided or colloidal 
organic matter, it is preferable to settle tbo oi| 
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after first injecting wet steam into it at 100° for 
some time, or toJboil it similarly with open steam 
in presence of salt (1 or 2 per cent, of salt on the 
fat treated). After settling for a few hours the 
lower layers of condensed water (brine) and oil- 
water emulsion are withdrawn. The emulsion 
and the aqueous layer (and still bettor the 
clarified fat as well) may be fed continuously 
through a centrifugal separator, leading respec¬ 
tively to less loss of oil in the emulsion and to a 
brighter and cleaner product as regards the 
settled fatty-oil layer. 

In a few particular instances, notably linseed 
oil, colloidally dispersed material coagulates or 
“ breaks ” when the oil is heated to a specific 
temperature (usually between 200-250°); after 
heating, the oil is allowed to cool, when the 
coagulated compounds settle to the foot of the 
tank, leaving a paler and brighter product than 
the crude oil. 

Removal of Free Fatty Acid 
(Neutralisation). 

TIk; method most frequently adopted to 
neutralise free acidity in a fat is naturally 
alkali refining^ the fatty acids being subse¬ 
quently washed away as soaps; frequently, 
(^specially with vegetable fats, coloured organic 
compounds (w’hich often contain phenolic or 
other acidic groups) are simultaneously removed, 
either by combination with the alkali or by 
adsorption on the soaps formed during neutrali¬ 
sation of the oil. Alkali refining therefore as a 
rule improves, sometimes to a marked extent, 
the colour of the fatty oil and has the effect 
of bleaching it in addition to removing free 
fatty acid. 

Technical methods of neutralisation are 
numerous and the choice is determined by the 
nature of the fat and its content of free fatty 
acid. Sodium carbonate, caustic soda, or lime 
may be employed to combine with the free acids 
present; continuous processes for alkali neutra¬ 
lisation have been devised; and removal of free 
fatty acid by steam distillation at high tempera¬ 
ture and low pressure has received considerable 
attention in recent years. 

Alkali Refining of fats is carried out in 
cylindrical tanks fitted with tapering or conical 
bases to facilitate settling and withdrawal of the 
resulting soap solutions. The plant is provided 
with open and closed steam coils, mechanical 
stirring gear, and a skimmer pipe for with¬ 
drawal of oil from the upper layers of the con¬ 
tents of the vessel. The mode of operation 
varies with the nature of the crude fatty oil 
and of the alkaline reagent employed and, 
moreover,,practice and skill are required in con¬ 
trolling the process so as to produce soap (or 
“ foots,” to use the technical term) with the 
minimum proportion of entrained fat. 

Neutralimtion by sodium carbonate {soda ash) 
is preferred both because the reagent is cheaper 
than caustic alkaU and because smaller losses 
of neutral fat result by use of soda ash than with 
caustic soda. Refining with soda ash is thus 
favoured in the case of high-quality fats which 
contain only a small proportion of free fatty 
acids, and are comparatively pale coloured, in 
the onido state. The ernde oil may bo heated 


to about 80°, pumped on to a concentrated solu¬ 
tion of sodium carbonate (in slight excess of 
that necessary to neutralise the free acid 
present), and the mixture carefully heated with 
open steam for a short time; after addition of 
brine, if necessary, to break any undue emulsion, 
the oil is settled and the thick mass of “ foots ” 
drawn off at the base of the vessel. Alternatively, 
the mixture of fat and carbonate solution may 
be heated by closed coils until, by evaporation, 
the soaps become sufficiently dry to rise to the 
top of the oil in the form of a cake; in this case 
the oil is drawn off from the base of the vessel, 
and the loss of fat in the soap is often less than 
by the previous method. In both processes the 
neutralised fat is washed several times with hot 
water and settled in order to remove all traces 
of soap. 

Neutralisation by caustic soda is also much 
employed, and especially when there is more 
than about 5% of free fatty acid in the crude 
fat, or when the latter is more or less coloured. 
The procedure is similar to that just described, 
except that caustic soda solution (in strength 
which may lie between 20° and 100° Tw.) is 
gradually run into the warm oil whilst the 
latter is stirred and eventually brought nearly 
to 100° c. with steam. With pale-coloured fats 
of low acid content the caustic soda may be 
used in a quantity about 0-5% in excess of that 
necessary to neutralise the free fatty aedd, but 
with crude fatty oils the colour of which can 
be reduced by alkali refining this excess may be 
increased to about 2% with beneficial results in 
regard to decolorisation. The oils which are 
most improved in colour during alkali refining 
include cottonseed oil, other dark vegetable oils 
sueh as rape, soya-bean, or linseed oils, whale 
and fish oils. The loss of neutral fat in the 
“ foots ” is in general somewhat greater with 
caustic soda than with carbonate, and in any 
case this loss is greater the higher the propor¬ 
tion of free fatty acid in the oil. For fatty oils 
which contain more than 10% of free fatty acid 
it is best to effect neutralisation in several stages, 
removing not more than 5% of free fatty acid at 
a time. It is not usually economical to neutra¬ 
lise crude fats with a content of more than 25% 
of free fatty acids. 

The yield of neutral fatty oil can bo increased 
by passing the soapy “ foots,” and also the 
subsequent wash-liquors, through continuously- 
operated centrifugal separators, when a further 
quantity of neutral fat is recovered and the 
centrifuged soap-stock may contain only 10-20% 
of fat. The fat-content of “ foots ” from alkali 
refining may otherwise range from about 35- 
70%, according to the procerlure employed and 
the proportion of free fatty acid in the original 
crude fat. 

From 1933 onwards processes for continuous 
alkali neutralisation of fats have been introduced, 
especially in the United States. Fatty oil and 
caustic soda solution, in closely regulated pro¬ 
portions, are fed into a mechanical mixer and 
passed through a tubular heater in which the 
oil-alkali emulBion is rapidly brought to about 90°, 
after which it enters centrifugal separators which 
deliver continuously the separated soap-stock 
and the neutralised oil, the latter being washed 
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with water in a continuous system and again vaporise suddenly and c-arry with them free 
separated by (lontrifuge. Owing to tho short fatty aeids, which are subsequently condensed, 
contact time (about 6 minutes) of fat aiid alkali, A number of large-scale plants based on those 
hydrolysis of neutral fat is minimised, whilst principle's is now in use. The processes were 
the loss of neutral fat in the soap-stock is also originally intended to combine removal of free 
reduced in comparison with the other processes, fatty acid, deeolorisation, and deodorisation in 
Neviralisafion by lime is occasionally cm- one process, but seem to have proved more use- 
ployed, in place of soda refining, to obtain a ful when confined to the first of these processes, 
very high yield of neutral oil. The procedure deacidifi(uition. With hits of tho coconut or 
is similar to that used in refining with sodium palni-k(^rncl type, tlu'. fatty acids in Avhich are 
carbonate, but is best carried out in a closed of relatively low molecular weight (laurie, 
vessel heated bj^ closed steam coils. ]umeinl% capric, caprylic), the free acidity of the crude 
excess of that necessary for exact neutralisation fats can be reduced to a suilieiently low figure ; 
is mixed (in the form of a thick cream with but i»i the more usual types of fats, in which 
water) with the heated oil, and the water oleic anti aeids of similar molt;eular weight con- 
present is subsequently removed by evaporation tribute most of the free acitlity, it is not usually 
under reduced pressure; the calcium soaps are possible to reduce the five fatty aeids in oils 
then in the form of an almost anhydrous granular treated by these distillation ])roeesses to below 
suspension and can be remov'cd from the neutral about 1%. Nc-vertheless, the Wt'ckcr and Lurgi 
fat by passage through a filter press. processes are valuable for reducing the acidity 

Difi'posal of Alkali Soap-stock or Foots ."—In of crude fats with more than r)% fix'c fatty acids 
certain instances the soap-stock is directly suit- to a figure of about 1% ; t he latt(U‘ content of 
able for complete conversion into soaps of free fatty acid can then be cfTiciently dealt with 
technical value and, in the larger modern instal- by alkali refining in the ordiiiary way. 
lations in which fat refineries and soaperies arc. Finally, it may be mcntionc'd that passage of 
departments in the same factory, tho soap-stocks crude fats through the “ mol(‘cidar still” at 
can be passed to the soaxiery for complete lO 0 - 2 r)(L 70 -(H)(d mm. will elfijct not only 
saponification and utilisation in toilet or luuise- separation of free fatty acids pn^scuit, but also 
hold soaps. This applies csj)ecially to soap- evaporative distillation of the glycerides thein- 
stocks from such fats as coconut, palm-kernel, selves. This procedui’c will thus s('])aratc a 
groundnut, cottonseed, palm and other oils crude fat into: (i) non-fatty matter of lower 
destined for edible use. Alternatively, the molecular weight than the glycerides (c.c/., 
soap-stocks may be converted by boiling with vitamin-A and its esters); (ii) free fatty acids; 
dilute sulx)hurie acid into ac/i/o//6*, whi(di are sold (iii) the glycerides themselves; uTid (iv) a 
to soap or candle makers. In the United States, residue of non-fatty or of polymerised or 
cottonseed soap-stock as such is largely sold by oxidisctl fatty compounds. Although this pi'o- 
the cottonseed oil refiners to soap manufacturers, cess may well be ax)plied to tho preparation of 
Soap-stock and “ foots ” from the more un- certain vitamin-A coiKHmt rates, it seems doubt- 
saturated fatty oils, such as linseed, soya-bean, ful wUedher it will rej)la(*e llio previously dis- 
or whale, are also used to a certain ext(‘nt in the cussed pro(;eSses for reniovuil of fri^c fatty aeids 
production of soft soaps. Many “ acid oils ” from fats (a. Moleculau Distillation, 
from alkali refining, csiiecially from the more A'^ol. VJII, p. Ififiu). 
unsaturated fatty oils and also from other low- 

grade fats, are too discoloured or too rancid to Deeolorisation (Bleaching) of Fats, 
be used for soap, and must be further treated The natural colouring matters which find their 
by distillation. In such cases the “ acid oil ” way into many fats during the course of cxtrac- 
is completely hydrolysed to fatty acids (the tion of the latter are present in very small con- 
liberated glycerol being separately recovered, centration—jirobably never exceeding 0-5% of 
V . Glycerin, Vol. VI, 40c~7I«), and the latter the fat and very rarely approaching this figure, 
are distilled at low pressure at about 250~-,‘100''. Most fats from vegetable sources are more or 
The distilled fatty acids, on chilling and press- less coloured in this way, but only in a few^ 
ing, yield acids liquid at tho ordinary tempera- instances (of which palm oil and cottonseed oil 
ture (“ oleines ”) and solid acids (“ stearinos,” are typical) is tho crude fat intensely coloured. 
V . Vol. II, 263c). The deep red colour of j)alm oil is duo to tho 

It has also been proposed to reconvert “ acid presence of only about 0*1% of carotene and 
oils ” into neutral fats by esterifying tho free other carotenoids, whilst the deep yellow or 
acids present with glycerol by heating at 180- brown colour of crude cottonseed oil is similarly 
250° under reduced pressure; it appears un- caused by the presence of somewhat larger 
likely, lioWever, that the quality of tho fats so amounts of the flavono derivative gossypol. 
produced is adequate to make the procedure an The complete removal of these traces of coloured 
economic success. compounds is nevertheless frequently necessary. 

Removal of Free Fatty Acids by Distil- e.specially in the production of fats for edible 
lation Processes. —Processes have been intro- purposes and high quality soaps. It has already 
duced for the direct removal of free fatty acids been mentioned that a certain amount of 
from crude fats by a process of steam distillation, deeolorisation, especially when tho cause of the 
notably by Weeker and Lurgi. The essential colour is the presence of phenolic or similar corn- 
features are that a mist of finely divided water pounds, takes place during alkali refining. The 
or wet steam is injected into thin layers of the methods primarily employed to effect decolorisa- 
oil, which has been preheated to 240-270° in a tion of fats may be divided into two groups: 
v^acuum of 5-10 mm. Tho w^ater droplets (i) those dt'pehding on adsorption of the coloured 
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compounds by a suitable inorganic absorbent, 
and (ii) chemical methods, including oxidation, 
reduction, and treatment with sulphuric acid. 

(i) Adsorption Methods. 

The chief adsorbents employed are suitable 
typos of fuller’s earth, chemically activated 
fuller’s earths, and adsorbent charcoals. Other 
materials, such as silica gel and diatomaceous 
earths, have been also proposed, but find rela¬ 
tively little application in so far as fat refining 
is concerned. 

Fuller's earth (v. Fuller’s Earths, Vol. IV, 
247a) is a siliceous mineral found in more or less 
isolated beds in association with greensand or 
gravel. The earth from different deposits varies 
in usefulness to the hit refiner, the most suitable 
deposits in general being in Surrey, and, in the 
United States, in Florida and some other 
localities. 

The efficiency of fuller’s earth in decolorising 
fats is much increased after gentle treatment of 
the earth with mineral acid ; for instance, boiling 
with dilute (10%) aqueous mineral acid for 3 
to 4 hours in a vessel fitted with mechanical 
stirring. Activated fuller's earths of this kind are 
specifically useful in the bleaching of palm oils, 
tallows and some other fats. The activation 
of the earth can bo effected concurrently with 
the fat-bleaching process by agitating about 
4 parts of fuller’s earth with 100 parts of the 
fat, adding 0-1-0-2 parts of sulphuric acid, and 
then heating to about 120-130°. 

The concentration of fuller’s earth (ordinary 
or activated) used in bleaching fats may be, 
according to the particular case, from 2 to 5% 
of the fat treated. 

Adsorbent charcoals (v. Vol. II, 315c, 3176) used 
for fat docolorisation may include specific forms 
of wood charcoal, e.ff., from coconut or beech- 
v^ood, and also wood charcoals of higher activity 
produced by special treatment during or after 
carbonisation. A common method of activation 
is probably exposure of the charcoal to a high 
temperature in presence of a controlled mixture 
of steam and air. The activated charcoals are 
sold under various trade names and the con¬ 
centration to bo used in docolorisation is usually 
of the order of 1% or less of the fat treated. 

In some cases, a mixture of fuller’s earth with 
a smaller proportion of adsorbent charcoal is 
useful. 

Whilst fats can be decolorised by filtration 
through a bed of adsorbent, the process is 
practically always conducted by mechanical 
agitation of a small proportion of adsorbent 
with the heated fat. Vessels with a capacity 
of up to 25 tons, fitted with mechanical agitation 
and heated by closed steam coils, are employed; 
preferably they should bo closed so that the 
operation can be carried out in a moderate 
vacuum, and that air is excluded from the heated 
fat, whilst the latter is also freed from traces of 
moisture and also to some extent from volatile 
organic impurities. The temperature used varies 
according to the nature of the fat, but decolorisa- 
tion by adsorbents is usually effected somewhere 
in the range 80-150°. Typical applications of 
the method include: 

(i) Final clarification and bleaching of high 


quabty alkali-rcfinc'd fats such as nut oils, 
groundnut, cottonseed, etc., oils. Agitation 
with ordinary fuUor’s earth, or a mixture of the 
latter with active charcoal, at 80-100° for a short 
period, preferably under vacuum, is usually 
applied in these cases. 

(ii) Clarification and partial bleaching of fats 
such as whale, fish, or vegetable oils, crude or 
alkali-refined, prior to hydrogen dion or other 
chemical treatment. Fuller’s efirth or activated 
fuller’s earth is usually employed, at tempera¬ 
tures of from 120-150°. The rime of contact 
varies with the quality of the criide fat and the 
temperature employed, and may be from 1 to 3 
or 4 hours. 

(iii) Bleaching of tallows for'high-grade soaps, 
and of coloured vegetable oils, especially palm 
oil. Here it is desirable to use activated fuller’s 
earth, sometimes with active charcoal in addi¬ 
tion. The time necessary to effect complete 
bleaching many be considerably longer than in 
the previous cases, and the temperature must 
be carefully sidecled to give the optimum result. 

In general, it is exfXKlient to determine by 
laboratory trials the optimum proportion and 
type of adsorbent material, temperature, and 
time of treatment, for the fat which is to be 
decolorised in the plant. 

When the decolorisation process is finished, 
the fat is filtered from the absorbent in presses. 
Fat retained in the adsorbent press-cake may be 
recovered by solvent extraction of tiie latter, 
but its quality is naturally inferior to the filtered 
bleached oil; the extracted 8i>ent adsorbents 
are usually rejected, since the cost of re¬ 
activating them in most cases exceeds that of 
fresh earth or charcoal. 

(ii) Chemical Methods of Fat Bleaching. 

(a) Oxidation Methods. —The (‘oloured com¬ 
pounds present in crude fats arc frequently con¬ 
verted into colourless derivatives by mild oxida¬ 
tion, and oxidation processes are therefore avail¬ 
able for fat bleaching. Clearly, however, there 
is always the possibility that some of the un¬ 
saturated glycerides of the fat may also be 
attacked, and in fact the flavour of fats is suffi¬ 
ciently affected by the mildest oxidation pro¬ 
cesses to render the use of these inadvisable in 
the treatment of fats destined for edible pur¬ 
poses. Oxidation is used, however, to some 
extent in bleaching fats for soaps and other 
technical products. 

Agitation with air (preferably moist air) at 
about 90-110° effects decolorisation of palm oils 
and tallows, and has been used in refining these 
and other fats prior to using them in the soap 
pan; but great care is needed to avoid some 
concurrent oxidation of the unsaturated gly¬ 
cerides with consequent development of “ burnt” 
colour and odour in the products. The use of 
ozonised air and of hydrogen peroxide (in this 
case preferably in presence of 1% or so of sul¬ 
phuric acid) has also been proposed in de¬ 
colorising fats, but neither process appears yet 
to have been used to any wide extent. 

Oxidation with sodium dichromate and hydro¬ 
chloric. acid is frequently used in bleaching 
tallows and palm oils for soap making. In the 
case of pklm oil this method decolorises the oil 
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but leaves it with the characteristic odour 
(resembling that of violets), which is not unwel¬ 
come in the final soap. Bichromate oxidation 
is effected by agitating the fats in lead-fined 
vessels at about 45-50° with a hot aqueous solu¬ 
tion of sodium dichromate and hydrochloric 
acid (p 1-14); about 18 lb. of dichromate and 
12 lb. of hydrochloric acid are usually required 
per ton of fat. 

Oxidation with sodium hypochlorite or hleach- 
ing powder solution is also employed, especially 
for tallows. The operation is effected similarly 
to dichroraate bleaching, usually at a some¬ 
what lower temperature. 

[h) Reduction Methods. — Certain reducing 
agents effect removal of colour from fats, and 
more especially from soaps, but in general they 
are loss effective bleaching agents for fatty 
derivatives than are oxidising agents. Moreover, 
the colourless reduction products frequently ro- 
oxidise on exposure to air, so that the colour 
“ reverts ” to some extent, whilst fats and soaps 
bleached by reduction are usually somewhat dull 
in appearance. Nevertheless reduction pro¬ 
cesses have been used to some extent foi bleach¬ 
ing soaps, the chief method being to heat the 
soap in the pan before it is grained out with a 
small proportion of one of the comraenual forms 
of sodium hyposulphite or formaldehyde-sul- 
phoxylate. 

(c) Treatment with Sulphuric Acid.— ^n some 
cases agitation of a fatty oil with 1-2% of con¬ 
centrated sulphuric acid at a slightly elevated 
temperature (up to 50°) effects decolorisation, 
probably by converting coloured impurities of 
high molecular weight into products which are 
precipitated to the bottom of the oil in the form 
of tar. The oil is then settled, drawn off, and 
washed with hot water to remove all mineral 
acid. Technical application of this method is 
confined to a very few fatty oils, but it has found 
use with linseed, rape, and a few other oils. 
Obviously the procedure must bo carried out 
with adequate care to prevent local over-heating 
and polymerisation or other decomposition of 
unsaturatod glycerides by the concentrated sul¬ 
phuric acid. 

Deodorisation of Fats. 

Complete deodorisation of fats is only neces¬ 
sary when these are intended for edible purposes, 
but it is then essential. The process is the last 
to be undertaken in the refining of an edible fat, 
the crude fat having first been neutralised and 
subsequently clarified and bleached with an 
adsorbent material. The fat is heated in closed 
steel or aluminium vessels by high-pressure 
steam in closed coils, or by heated mineral oil or 
suitable compound circulated in closed coils, to 
a temperature of about 200-220°, the vessels 
being maintained throughout the process at the 
highest vacuum technically practicable (usually 
10-25 mm.). Steam, de-aerated and super¬ 
heated to 200° or higher, is passed in a fine 
stream through the oil and carries away with 
it to the vacuum condenser the traces of 
difficidtly volatile compounds which cause the 
crude fat to possess a distinctive flavour. The 
process is continued until the fat passes the 
requisite flavour test, when the oil is«cooled to 


below 100° under vacuum prior to discharge. 
The time of treatment depends upon the 
character of the oil and the degree of vacuum 
employed, and may occupy from 6 to 12 hours. 
During recent years great improvements have 
been effected in the production of low pressures 
on a technical scale in connection with deodori¬ 
sation processes, so that the time of exposure 
to the high temperature and superheated steam 
has been materially shortened, whilst the process 
can also bo effected at a somewhat lower 
temperature than formerly. Both factors have 
combined to improve the quality of the refined, 
deodorised fats which are now available for 
margarine and other edible fatty products. 

It has also been suggested to conduct the 
deodorisation in a continuous system so that 
the fat is exposed to high temperature only for 
a short time and in relatively small quantities 
at a time. It has also been proposed, as men¬ 
tioned in a previous section, to carry out de- 
aeidification and deodorisation in one stage by 
continuous processes. At present, however, it 
would seem that the discontinuous or batch 
procc*K8 described above for the deodorisation of 
neutral, refined hits holds the field, having been 
brought to a high degree of efficiency by im¬ 
provements in the vacua employed, and in 
technical design and operation of the deodori¬ 
sation plant. 

OHfEF CHEMICAL TBANSFOKMATlONS 
OF FATS. 

Hvdrolysis of ]<'at.s. 

Hydrolysis of Fats by Enzymes {v. Vol. 
VI, 395r/; VII, 327d) (Lipase).—TJie tissues of 
})lants contain more or less of the enzyme 
lipase, especially those {e.g.^ endosperm) in 
which fat is produced in quantity; here it is 
probably concerned in the biosynthesis of the 
glycerides from fatty acids and glycerol. Con¬ 
versely, if fiitty tissues or fats are exposed to 
moisture in the presence of lipase, the reverse 
action commences and the fats undergo partial 
hydrolysis {hydrolytic rancidity). Thus fat- 
containing seeds which have not been stored 
under sufficiently dry conditions yield fats in 
which free fatty acids are present, sometimes in 
fairly high proportions, the seed lipase having 
acted as a hydrolytic instead of an esterifying 
enzyme, in presence of sufficient moisture. Fats 
may also undergo hydrolytic change, after they 
have been extracted from the plant or animal 
tissue, as a result of exposure to damp and in¬ 
fection with lipase introduced by bacteria or 
moulds which have developed on the fat surface. 
The more crude types of animal fats, especially 
low-grade fish oils and no. 4 grade whale-oil 
which are produced in part from the intestines 
of the animals, usually possess high free acidity 
owing to partial hydrolysis by lipase present in 
the intestinal micro-flora. The development 
of hydrolytic rancidity is prevented, as indicated 
earlier, by storage of fat or fat-containing tissues 
under dry and, as far as possible, sterile con¬ 
ditions ; where absolutely sterile conditions are 
impracticable,^ measures such as storage at low 
temperatures or in an atmosphere containing 
sufficient carbon dioxide to retard the propaga- 
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tion of bacteria or moulds serve to suppress the 
breakdown of fats into free fatty acids. 

The onset of hy4rolytio rancidity is thus 
characterised by increase in the proportion of 
free fatty acids in a fat, and also by the develop¬ 
ment, to a somewhat indefinite degree, of 
hydroxylic compounds in the neutral fat. Fats 
which have undergone hydrolytic rancidity 
therefore possess acetyl values which may roach 
as much as 30 or 40, due to the step-wise 
hydrolysis of triglycerides first to diglycerides, 
and then to monoglycorides, the free hydroxylic 
groups being those of the glyceryl residues in the 
latter two groups of compounds. Transient 
development of small optical rotatory power 
has sometimes been observed in cases of hydro¬ 
lytic rancidity; this may be due to the partial 
hydrolysis of optically active asymmetric tri¬ 
glycerides (which however possess extremely 
minute rotatory power), the corresjmnding di- 
and mono-glycerides having more definite 
optical rotations (c/. Fischer and Baer, Chem. 
Reviews, 1941, 29, 287). 

A technical process of fat hydrolysis in which 
plant (castor-seed) lipase is used to convert fata 
into fatty acids and glycerol has boon developed 
and is referred to again in a later paragraph 
(p. 46d). 

Hydrolysis of Fats by Alkali.—Saponifi¬ 
cation of fats by boiling them with a dilute solu¬ 
tion of caustic soda or caustic potash is the most 
common method of technical fat-hydrolysis, 
since soaps are produced in this way on an 
enormous scale. The details of the techniques 
applied are dealt with elsewhere, and here only 
a few general points need be noticed. The soap¬ 
boiling process demands attention to the relative 
concentration of fat, alkali, and water in order 
to secure a maximum rate of saponification, and 
the mechanism of the hydrolysis has been much 
discussed. Certain fats {e.g., the nut oils), 
which form more or less stable emulsions with 
caustic soda solutions, undergo progressive 
saponification when such an emulsion is loft in 
the cold for a few hours. Both in this “ cold 
process ” and in the soap-boding process the 
hydrolytic action is at first relatively slow, and 
then more or less suddenly accelerates to a more 
rapid rate which is thereafter steadily main¬ 
tained. It was formerly supposed that this 
change in rate of saponification depended upon 
conditions being attained whereby the soap so 
far produced served to disperse the fat droplets 
into smaller particles more intimately emulsified 
with the aqueous alkaline phase, lister Smith 
(J.S.C.I. 1932, 61, 337 t ; Chem. and Ind. 1939, 
87) has shown that this simple explanation, 
based upon action at oil-water interfaces, is 
inconsistent with the progressive changes in 
rate of hydrolysis, and that interfacial action 
only accounts for the earlier, slow onset of 
saponification; so soon as sufficient soap has 
been produced, this soap (in which both fats 
and aqueous alkali are soluble) acts as a solvent 
medium for the interactants, so that the later, 
main stage of the saponification proceeds in a 
homogeneous system. This view accounts for 
the ** autocatalytic ** nature of saponification of 
fats by Aqueous alkali, since the medium of the 
rapid homogeneous action is itself the product 


of the process ; moreover, the initial slow phase 
can bo reduced or eliminated by adding soap or 
free fatty acid at the commencement of the 
reaction. 

Occasionally, more especially in small factories 
on the Continent, fats are saponified by boiling 
with a thick cream of slaked lime (about 60% 
excess of that theoretically necessary) and 
water; when the process is completed, the lime 
soajjs may be settled and washed from the lyes, 
or converted into a friable granular powder 
whi(;h can readily be washed with water. The 
lime soaps are converted into soda soaps by 
boiling with sodium carbonate solution, the cal¬ 
cium carbonate produced being subsequently 
separated from the soda soaps by “graining out” 
the latter with brine. The advantage of saponifi¬ 
cation with lime lies chiefly in the higher con¬ 
centration of glycerin in the lyes produced, 
compared with that of lye from the ordinary 
soap-boiling process, whilst there is also some 
economy in the steam used for boiUng the charge. 

Continuous alkali saponification processes have 
been introduced in place of the ordinary soap¬ 
boiling method. Fats are emulsified thoroughly 
with the theoretical amount of caustic soda or 
sodium carbonate solution and then passed at a 
pressure of 50-100 atm. through a small-bore 
reaction tube, one part of which is held at about 
300°. The actual operation of saponification 
lasts only 30 seconds. The extruded material is 
cooled and converted into soap powder by spray 
drying. As in the “ cold process ” of soap 
manufacture, the glycerin produced is retained 
in the soap and cannot be recovered separately. 

Hydrolysis of Fats by Water in 
Presence or Absence of Contact Agents. 
—A number of processes are in use in whi(’h 
alkali is not employed during fat hydrolysis. 
These find application especially when the fatty 
acids arc required as such, but they are also in 
some favour since, if soaps are the end product, 
the fatty acids can be converted into the latter 
by direct combination with sodium carbonate 
(use of the more expensive caustic soda being 
avoided). These processes also result in 
glycerin liquor of higher concentration than in 
soap-pan lyes, with consequent saving of heat 
for evaporation during glycerin recovery. 

Hydrolysis of fats hy water alone requires so 
high a temperature (200-220°) that until recently 
it was not technically feasible, but developments 
in design of high-pressure plant and in acid- 
resisting steels for chemical plant have now 
made such processes possible. Modem plants 
exist in which a mixture of fat and water is 
heated by superheated steam in closed coils in a 
pressure-resisting vessel to a pressure of, or 
greater than, 260 lb. ^r sq. in., the mixture 
being agitated by injection of steam at 200-220°. 
The action is allowed to proceed until 60-60% 
of the fat has been hydrolysed, when the 
aqueous glycerin liquors are withdrawn, fresh 
water added, and the process resumed to com¬ 
pletion. 

A continuous form of high-pressure hydrolysis 
has been proposed (Hoffmann, Ole, Fette, 
Waohse, 1936, 13, 4) in which fat is emulsified 
with water and passed through a heated zone 
at 220-260° under 20-60 atm. Hydrolysis is 
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alnioat iiiatanianeous and the prodiicts arc and at comparatively low temperatures. These 
expanded suddenly into a high-vacuum phase are (i) the use of synthetic emulsifying agents 
wherein fatty acids and glycerol are vaporised, which promote the hydrolysis of fats by water 
leaving the small proportion of unhydrolysed and (ii) the use of the natural hydrolytic enzyme 
fat and non fatty impurities in the liquid phase, lipase. 

Fractional condensation of the vapours yields The Contact'* or Twitchell Process of Fat- 
first the fatty aedds and, in a second stage, most hydrolysis. —In this method the fat, mixed with 
of the glycerol as an 80-90% solution. up to its own weight of water, is heated to 100“ 

Long before high-temperature and -pressure and maintained in gentle ebullition with open 
hydrolysis of fats b(a;ame practicjible, a modified steam in presence of a small proportion (|-1% 
process operated at 140-150° and 100-120 lb. of the fat) of one of the synthetic contact agents 
per sq. in. pressure (known as the apro- described below. Hydrolysis is complet(‘d in 
cess of fat-splitting) had come into common use, from one to two and a half days; but the pro- 
since it had been found that under these con- cess may he acccJ(Tated by intcrruiJting it when 
ditioiis fats wore readily hydrolysed by water about half complete, settling and withdrawing 
in presence of about 3% of basic metallic oxides as much aqueous glycerin liquor as possible, and 
such as lime, magnesia, or zinc oxide. The resuming the hydrolvsis after addition of more 
process is carried out in cylindrical (preferably water. When 97-98% conversion to fatty 
copper-lined) autoclav(‘s charged with a mixture acids is reached, the charge is boiled with a little 
of about 4 j)arts of fat and 1 part of water, to sulphuric acid to disperse any remauung emul- 
which 3% of lime, or lime and zinc dust, is sion, settled, and the fatty acids washed with 
added. (The zinc oxide present in the dust boiling water. The “ contact ” process has 
acts as a hydrolytic agent; the metallic zinc. advantag<\s in cheapness of reagents, low steam 
assists in retarding discoloration of the fatty consumption, and production of aqueous liquors 
acids.) The contents of the vessel are kept at with a glycerin content of up to 15^^* The fatty 
100-120 lb. per sq. in. pressure for about 12 acids produced tend to be discoloured (although 
hours, during which agitation is effected by claims for specific contact agents include ability 
passage of a current of steam ; about 90% of to produce good-coloured fatty acids), and are 
the fat is hydrolysed in 3-5 hours, conversion to as a rule distilled in a vacuum still before techni- 
98-99% fatty acids requiring, however, 10-12 cal use. The time nc'cessary for hydrolysis is 
hours. The finished product is discharged into longer than in the processes previously discussed, 
a vessel where it is settled and the lower aqueous In the original form of this process, due to 
layer (“ sweet water,” which contains up to Twitclu‘11, a hydrolytic agent prejmred by con- 
15% of glycerin) drawn off’ for glycerin recovery, densing oleic acid with naphthalene in presence^ 
The layer of fatty acids is boiled with steam in of sulphurii! acid was employed; the naphtha- 
presence of dilute sulphuric acid to decompose lene residue is condensed with the fatty acid 
metallic soaps present, settled, and the fatty and simultaneously sulphonatcd, so that the 
acids drawn off and washed. producf; contains (i) a group —SO3H with 

The colour of autoclaved fatty-acids is always strong attraction for water, and (ii) an aliphatic 
somewhat defective, even when the older ijro- chain compatible with fatty compounds. Consc- 
cess, in which the temperature docs not exceed quently the agent is able readily to emulsify fat 
150°, is employed; but this is not a serious with w'ater, and presumably hydrolysis at the 
trouble, since the autoclave or high-pressure oil-water interface is catalysed by the strongly 
processes are chiefly used when the fatty acids acidic sulphonic group. In attempts to lessen 
are, in any case, to be subsequently distilled in a discoloration due to the particidar contact agent 
vacuum before finding their final technical employed, other compounds of somewhat similar 
application. type have boon put forward in place of the 

Another method of fat splitting, that of original Twitchell reagent, such as j9-cymene- 
hydrolysis by sulphuric acid, has been long sulphonic acid, condensation products of 
employed in the case of bone greases and other naphthalene and sulphuric acid with hydro¬ 
fats of very low quality, in which the glycerin genated castor oil (hydroxystoaric) acids, alkyl- 
obtained would in any case bo of no technical naphthalenesulphonic acids, and sulphonatcd 
value. The crude dry fat is intimately mixed fractions from the refining of petroleum, 
with 5-8% of 96% sulphuric acid and then The Lipase or Fermentation Process of Fat- 
heated with mechanical agitation in a current hydrolysis. —An active lipase extract which can 
of dry steam at 110-120°, when hydrolysis is be applied in large-scale hydrolysis of fats is 
completed in 8-12 hours. The resulting fatty obtained by grinding decorticated castor seeds 
acids are naturally very dark coloured and, with water and centrifuging the resulting paste, 
after removal of sulphuric acid by washing. The emulsion obtained separates on standing at 
require distillation in superheated steam or in 23° for a day or two into an aqueous layer and 
a modern vacuum plant before they can be a creamy upper layer of emulsified castor-oil 
used. It appears possible that, even for low fatty acids containing the lipase, which is used 
quality fats, this process will gradually lapse in as the hydrol3rtic agent. 

favour of high-pressure hydrolysis by water The fat to be hydrolysed, which must pre- 
(foUowed by vacuum distillation of the fatty viously be boiled with dilute sulphurjc acid, 
acids). . settled, and thoroughly washed, is mixed with 

Hydrolysis of Fats by Water in Presence of an about half its weight of water and 7-10% of the 
Emulsifying Agent. —^There remain to be men- ferment cream in wooden vats kept between 
tioned two processes in which technical fat 20-30° and agitated gently by air admitted 
hydrolysis is carried out at atmospheric pressure through perforated copper coils. Hydrolysis is 



47 


OILS (FATTY) AND . FATS. 


completed in the course of 24 liours or inojc, 
according to the activity of the ferment. The 
emulsified fatty acids are then broken by agita¬ 
tion with steam and settled, when a clear layer 
of acids separates above a layer of emulsion, 
whicdi must be separated and steamc d in prescmce 
of dilute Hulphuri(i acid to recover more fatty 
acids. The lipase hydrolytic process yields fatty 
acids of excellent (;olour, and aqueous glycerin 
liquors up to 17% in strength, but someAvhat 
contaminated by organic; impurities; it has iiot 
come into \ ery wide use, because of difficulties 
in fuoducing a fcsrment cTcam of constant and 
sufficiently permanent enzymic activity, and 
in recovering the fatty acids from the somewhat 
obstinate emulsion which exists at the end of 
the hydrolysis. The; ])rocc^sH has the advantage 
of operating at little aLovc atmos[)heric‘ temjx'.ra- 
tures. 

Action op Oxvcjkn cjn Unsatuiiatko Fats. 

Gaseems oxygem attac'ks the unsaturatc'd link¬ 
ings of the higher unsaluratcd fatty acids, 
esters or glycri'ides, leading to a sequence of pro¬ 
ducts the nature; of which is not in all cases wcdl- 
dchiKKl. The oxidation proc*ccds steadily, if 
somewhat slowly, at ordinary temperaturexs, and 
much more rapidly at highei' tcm]>cratures (c.r/., 
l()0~]2(r). Even in the c'arlier stages of oxida¬ 
tion at atmos])lHTic temperature, the prc^ducts 
formed have more or less dclinito and un¬ 
pleasant flavour, and Ihertdore the control of 
atrnosphc'ric oxidation of edible fats (leading to 
oxidative rancAdity) is of great importance. On 
the other hand, intensive atmospheric oxidation 
of highly unsaturated fatty acids, such as 
linseed or tung od, ccjriverts them into hard 
solid films, so that here the action of oxygen on 
the fatty oil h'ads to ])roducts of definite; value 
to the paint, varnish, linoleum, and some other 
industri(;s. 

The action of atmosphciric oxygen on fatty 
oils is conlined to the unsaturated groups of the 
acyl chains, neither the glyc'cryl linking nor the 
carboxyl groups of free fatty acids being 
affected. The rate of attack by oxygen depends, 
ceteris parihus, on the degree of unsaturation. 
Linoleno-glycerides are more rapidly oxidised 
than linoleo-glycerides, and the latter very 
much more rapidly than oleo-glyeerides (Giui- 
stone and Hilditch, d.O.S. 1945, 830). In the 
earliest stages the process is almost one of 
physical solution or, at all events, of production 
of very unstable oxygcn-unsaturateci fat com¬ 
plexes, for the added oxygen can be removed 
again to a large extent by heating gently under 
reduced pressure. Simultaneously, however, the 
fat exhibits the reactions of an organic peroxide 
and the peroxide content augments steadily; at 
ordinary temperatures it may eventually reach 
a high figure, but at, e.g., 100'^ a lower maximum 
is comparatively rapidly attained, the peroxide 
content thereafter declining, evidently in conse¬ 
quence of further and more complex changes. 
The commonly accepted explanation of these 
changes was that a peroxide is produced*by union 
of oxygen with an ethenoid group, followed by 
its further transformation according to the 
general scheme: 


•CH:CH- -f O2 CH—CH- -> 

1 ! 

O 

•CH—CH- -> •COCH(OH)* 

I i II 

o -O OH OH 

{v. Vol. VII, 320J). 

In the case of ela;o,stearic esters, evidence of 
the production of hydroxyketonic or ketol 
derivatives of the type indic'ated has been given 
(Morrell and Marks, J. Oil Col. Ohem. Assoc. 
1929, 12, 183; Morrell and Davis, ibid. 1930, 
19, 264, 359). 

Kecently, however, it has been shown that, 
in the oxidation of non-conjugated ethenoid 
long-chain acids or esters at ordinary tempera- 
tur(;H, the initial product may he a hydroperoxide 
formed by union of oxygen with a methylenic 
group adjacent to an ethenoid bond, the latter 
remaining unaffected. Thus, with methyl oleate 
the product (Farmer and Sutton, J.C.S. 1943, 
119) is: 

■CHyCH:CH- f O2 CH CH-.CH- 
OOH 

Idle initial action of oxygen on such a system 
was considered by Farmer to be the detachment 
of a hydrogen atom from the reactive methy- 
lenic grou]) with formation of a free radical 

CHCHiCH-, 


which is in a state of resonance and may re¬ 
arrange to 

•CH.CH CH-. 


This leads, in non-conjugated ])olyethcnoid 
systems, to the production of some conjugated 
ethenoid isomeridcs and their resultant per¬ 
oxides (Farmer, Koch, and Sutton, ibid. 1943, 
541; Bolland and Koch, ibid. 1945, 445; 
G unstone and Hilditch, ibid. 1945, 836). 

Subsequently production of polymers of high 
molecular weight may arise from these latter 
conjugated isomerides as such, or may be due 
to condensation products from ketol, etc., 
derivatives or other oxygenated produets. This 
subject still awaits adequate explanation. 

As oxidation proceeds, molecular fission at the 
original points of combination of oxygen with 
the unsaturated acyl chains may take place, 
short-chain aldehydes and acids being pro¬ 
duced, The flavours of rancid (oxidised) fats 
may originate either from these or from the 
organic peroxides themselves. When peroxide 
formation (with subsequent secondary changes) 
has proceeded extensively in the more un¬ 
saturated “ drying ” oils, aggregation of the 
oxidised glyceride molecules sets in and thick, 
viscous (“ blown ^’) oils or colloidal gels or 
films {e.g.y “ dried ” linseed or tung oils) may 
be formed {v. Drying Oils, Vol. IV, 91c- 
■93a). 
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The further details which may be mentioned 127; Christiansen, J. Physical Chem. 1924, 28 , 
in this article with reference to the atmospheric 145). Natural anti-oxidants which accompany 
oxidation of fatty oils may bo considered from fats are probably complex in character and of 
the standpoints of the development of oxidative fairly high molecular weight, and are conse- 
rancidity in edible fats and of thickened or quently largely removed from the fats during 
colloidal film products from the more un- refining processes such as alkali neutralisation 
saturated or “ drying ” oils. or treatment with adsorbent earths; for this 

Oxidative Rancidity in Edible Fats.— reason refined edible fats are frequently much 
The onset of oxidation is accelerated by various more prone to oxidative rancidity than the 
conditions and, correspondingly, can be retarded crude fats which contain a larger (albeit still 
or mioimised by measures which exclude the minute) concentration of the protective factors, 
operation of these factors. The oxidation pro- The nature of the natural anti-oxidants is not 
cess is autocatalytic in the sense that the organic known with great certainty; probably the basis 
peroxides initially formed act as catalysts and, of most is the presence of compounds containing 
when once formed, accelerate the combination polyhydroxyphenolic residues, but such com- 
of oxygen with the rest of the unsaturated fat. pounds also probably exist as complexes with. 
Other substances, especially certain metals and e.gr., carbohydrates or protein. It seems certain 
metallic oxides (including copper, cobalt, iron, that none of the simpler compounds which have 
manganese, and some others) and some complex been isolated from the non-fatty matter of 
natural organic compounds (such as hjematin crude seed-oils or the corresponding extracted 
or enzymes of the peroxidase group) are active seed-meals (e.g., tocopherols, Olcott, and Mattill, 
positive catalysts for the addition of oxygen to J. Amer. Chem. Soc. 1934, 56, 2405, 2492; 
imsaturated fata. It is important for this 1936, 58, 1027, 2204, etc.; chromanquinols, 
reason to exclude all traces of those metals and Golumbic, ibid. 1942, 64, 2337; polyhydroxy- 
their oxides (in practice, especially copper and phenohe derivatives containing basic oxygen or 
iron) from edible fats. Plant for edible-fat nitrogen, Hilditch and Paul, J.S.C.l. 1939, 58, 
manufacture should be constructed of resistant 21) have been obtained in a state of activity 
{e.g.i nickel-chromium, etc.) steel or of equal to that shown in their natural condition, 
aluminium. The anti-oxidants in question have been shown 

Atmospheric oxidation of fats is also much (Hilditch and Paul, l.c.) to be present in much 
accelerated by light of certain wave-lengths, greater proportion in the extracted seed-meal 
notably by ultra-violet light waves of 290- than in the fats derived therefrom, and it seems 
400 m/i. and by visible fight in the blue region possible that the complex of active anti-oxidant 
of the spectrum of wave-length shorter than with other organic material in the endosperm 
about 500 m/x., fight of longer wave-length being is dispersible in the fat and affords a degree of 
comparatively or wholly inert. Oxidative protection greater than that which has yet Ix^en 
rancidity of fats can therefore bo retarded by effected by addition of small proportions of 
storage in the dark or in vessels or wrappers known compounds of an anti-oxidant character, 
coloured so that they do not transmit fight of the A wide variety of artificial anti-oxidants have 
active wave-lengths. The photochemical cha- bc‘en recommended for the prevention or retarda- 
racter of atmospheric oxidation of fats at low tion of oxidative rancidity. In addition to 
temperatures is utilised for “ accelerated oxida- synthetic compounds, reference may first be 
tion tests,” in which fats are exposed to fight of made to the use of cereal and soya-bean flours 
definite intensity under standard conditions of as anti-oxidants in fats (Musher). Hydro- 
exposure to air, and the development of per- quinone, pyrocatechol, and other polyhydroxy- 
oxides (c/. infra) plotted over a period of some phenols are powerful anti-oxidants in concentra- 
hours or days; in this way the relative stability tions of the order of 0*05%, and other phenols, 
of different fats to oxygen during storage, etc., including /3-naphthol and some other hydroxy- 
can be predicted with some accuracy in a test lated naphthalenes and anthracenes show similar 
which occupies a comparatively short time action. Gallic acid and its esters have also been 
compared with that taken by the fat to de- found to be efficient anti-oxidants for fats, 
teriorate under normal conditions. Many substituted amino-compounds of the 

Inhibitors of Oxidation {Anti’Oxidants ).—There phenylenediamine, aminophenol, etc., series, 
are negative as well as positive catalysts of thio-amino compounds, cyanamide derivatives, 
atmospheric oxidation of fats and, indeed, most etc., also have anti-oxidant properties. Some 
fats and fatty oils contain traces of natural aliphatic hydroxy- or amino-acids have been 
organic compounds (non-fatty in nature) which reported to have similar properties, as also 
retard oxidation. To this fact is due the well- have lecithin, sulphites, and phosphates. In 
known phenomenon of an “ induction period ” general, the presence of moisture tends to retard 
at the onset of oxidation, during which little oxidation in fats. The use of these substances 
or no action occurs; subsequently oxidation in edible fats is primarily determined by con- 
sets in at a rate which increases rapidly to a siderations of toxicity (which rule out many of 
steady maximum. This is explained on the them). For the rest, the value of a particular 
hypothesis that such negative catalysts or compound varies with conditions: for example, 

” anti-oxidants ” are selectively attacked by a particular anti*oxidant may be more efficient 
oxygen and, until they have been more or less in protecyting fat in a homogeneous phase than 
completely oxidised, prevent the propagation when it is present as an emulsion with water, 
of oxidation by a chain-reaction throughout the e.g., in butter or margarine. Again, combinations 
molecules of the fat glycerides (c/. Moureu and of anti-oxidants of two di&rent types (c.p., 
Dufraisse, Compt. rend. 1922, 174 , 258; 175 , tocopherol and an acid) may in some coses exert 
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a more pronounced retarding action than either 
alone, whilst the physical state of the anti¬ 
oxidant compound and of the fat to be protected 
undoubtedly has a profound influence on the 
protection afforded. The practical application 
of anti-oxidants in controlling the onset of 
oxidative rancidity in fats has, in fact, not yet 
by any means reached a satisfactory solution 
{see Hilditch, Chem. and Ind. 1944, 07; Matill, 
Oil and Soap, 1045, 22, 1). 

Detection of Oxidative Rancidity in Fata .—A 
number of tests for assessing rancidity, or 
proneness to rancidity, in fats have been put 
forward. The determination of organic per¬ 
oxides present by measuring the amount of 
iodine hberated when 1 g. of fat is allowed to 
interact with potassium iodide in acetic acid 
solution leads to what is termed the “ peroxide 
value ” (Lea, Proc. Roy. Soc. 1931, B, 108, 175; 
J.S.C.L 1934, 53, 388t; Wheeler, Oil and Soap, 
1932, 9, 89). If the peroxide tests are “ ac¬ 
celerated ” by exposure to strong light {v. 
supra) they can be used to forecast approxi¬ 
mately the rate at which a given sample of hxt 
will develop oxidative rancidity under normal 
conditions of storage. It should be noted that 
a single determination of the peroxide value of 
a sample of fat of unknown history may not bo 
informative, since a very rancid fat may have 
relatively little peroxide, the latter having 
already passed into other forms by secondary 
changes; a series of tests on the progressively 
oxidising fat is usually necessary in order to 
draw correct conclusions. 

Other tests depend on the formation of traces 
of scission products, acidic or aldehydic. In the 
Swift “ heat-accelerated ” test, air is passed 
through the fat at 95° and subsequently 
examined by an indicator to detect the first 
formation of acidic compounds in the exit 
gases; the time taken to develop volatile acid 
compounds indicates the proneness of the fat to 
become rancid by oxidation. Similar tests 
designed to detect traces of aldehydic products 
are those of Von FeUonborg (restoration of 
colour to a fuchsin solution decolorised with 
bisulphite solution), Schibsted (coloration re¬ 
developed when a standard solution of ros- 
anihne hydrochloride decolorised with sulphur 
dioxide is shaken with a solution of the fat in 
light petroleum), and Lea (direct volumetric 
measurement of the amount of bisulphite 
required to combine with the aldehydes present 
in 1 g. of rancid fat). 

The Kreis-Kerr test for rancidity consists 
essentially in shaking a dilute benzene solution 
of phloroglucinol with the fat in presence of 
hydrochloric acid, when rancid fats cause the 
development of a pink colour, the intensity of 
which, under standardised conditions of test, 
can be made a guide to the degree of rancidity 
of the fat. The fat degradation product which 
condenses with phloroglucinol to the coloured 
compoimd is epihydrinaldehyde, 

yO\ 

, CH,—CHCHO 

(Powic^, J. Oil Fat Ind. 1924, 1, 63; 1928, 6, 
107). This compound is conceivably produced 
VoL. IX.t-4 
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by disruption of a molecule of peroxide (most 
probably from a linoloic gi’oup, e.g.t 

•CH—CHCHoCH—CH- 

11 II 

o—6 o—o 

or 

•CH:CHCHCH:CH). 

OOH 

The Kreis-Kerr test has been further stan¬ 
dardised by Tiiufel and co-workers (1930-36). 

Ketone Rancidity. —A special typo of oxidation 
of the saturated acids from capric to m3rristic 
is effected by certain moulds of Penicillium and 
allied species, according to the following scheme : 

RCHgCHgCOOH -> 

R CH(0H) CH2 C00H -> 

R CO CHg COOH -> R CO CH 3 . 

Those lower saturated acids thus pass, by 
j3-oxidation and decarboxylation, into methyl 
ketones, lauric acid, for instance, yielding 
methyl n-nonyl ketone (Starkle, Biochom. Z. 
1924, 151, 371). The methyl ketones possess a 
heavy characteristic perfume, which taints 
coconut and similar oils which have become 
subject to this form of oxidative rancidity. 
Ketone rancidity does not respond to the Kreis 
I test, but shows a colour reaction with salicyl- 
aldehyde (Taufol, Chera.-Ztg. 1932, 56, 265). 

For a wider discussion of rancidity reference 
should be made to the monograph by Lea on 
“ Rancidity in Edible Fats ” (D.S.I.R. Food 
Investigation Rept. No. 46, 1938). 

Oxidation of “ Drying " Oils {v. Vol. VI, 
926).—Amongst the few detailed studies of the 
constituents of an oxidised fatty-oil film are 
those of Morrell and co-workers {l.c.) who, in 
the case of elfeostearic glycerides, put forward 
evidence that, of the three conjugated ethenoid 
groups, that in the J’^-position yields a peroxide 
which rearranges to a ketol group, whilst that 
in the J^^.position remote from the carboxyl 
group forms a peroxide of basic character which 
is unstable, but takes part in polymerisation of 
the oxidised fatty molecules without isomeri¬ 
sation to a ketol derivative. Beyond this, little 
definite information has yet been offered as to 
the precise chemical constitution of oxidised 
“ drying ” oils. In the early stages of oxidation, 
the mechanism is doubtless the same as in the 
onset of oxidative rancidity. With “ drying ” 
oils, however, it is technically desirable to 
accelerate instead of to retard the oxidation 
and thus to destroy rather than to augment the 
natural anti-oxidants in the crude oil. This 
underlies the technical conversion of raw into ' 
boiled linseed oil, . 

Action of Heat on Unsaturated Fats 
(“ Drying Oils). 

Fats and fatty oils, unless of the “ drying ” 
type, exhibit little alteration when heated in 
absence of air until a temperature of over 300° 
is reached; at higher temperatures decom¬ 
position sets in, acrolein being liberated from 
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the glycerol residues, whilst some conversion amount of ultra-violet absorption is developed 
of the acyl groups into hydrocarbons and also at 230 mju. and 270 m/x., characteristic respec- 
ketones of high molecular weight takes place, lively for conjugated di- and tri-ethenoid long- 
Under conditions similar to those used in the chain compounds (Bradley and Richardson, 
“ hydrogenation-cracking ” of petroleum oUs Ind. Eng. Chem. 1940, 82, 963). Steger and 
(exposure to temperatures above 400'' under Van Loon (Fettchem. Umschau, 1935, 42, 217) 
high pressure of hydrogen and in prosonco of fractionally distiUed the products of heat 
2-3% of a catalyst, nickel) fatty oils imder- treatment at 290° of ethyl linoloate, and detected 
go pyrolytic decomposition and yield hydro- the presence of about 5% of conjugated octa- 
carbon oils which can be used, after fractionation, decadienoate, probably produced relatively 
lor internal combustion engines. This possi- slowly but then continuously transformed into 
bility has attracted some attention in countries pol37^meri8ed non-distillable products, 
where vegetable oils are abundant and there is The nature of the polymorides finally produced 
little or no indigenous sujjply of petroleum or has also been experimentally studied, but the 
coal (Maihle, Compt. rend. 1921, 173, 358, 658; problem is very difficult. Waterman and 
Sato, J.S.C.l. Japan, 1927, 30, 242, 261 ; 1936, Oostorhof (Rec. trav. chim. 1933,52, 895) passed 
39 , 22B; Auto-Engineer, 1938, 28, 298; Office a thick linseed-oil stand-oil through a “ molc- 
du Niger, BuU. Mat. Grasses, 1938, 22, 205). cular still ’ at extremely low pressure and 
Thermal Polymerisation of “ Drying ” .separated it into about 30% of distillate of an 
Oils (v. Vol. IV, 88d-90r).—Fatty oils which average molecular weight of 760, and 70% of 
contain high proportions of triethenoid acyl non-v«>latile polymers with an average molecular 
groups undergo polymeric changes when heated weight of about 3,500. Other investigators, 
at temperatures between 280° and 300°. The studying heat-polymerised esters of individual 
behaviour of oils rich in conjugated triethenoid (linolcic, linolenic, or elpeostearic) acids, have 
groups (tung and oiticica oils) differs sharply isolated, m/er alia, cyclic monomeric and dimeric 
from that of oils (such as linseed or perilla) products in the form of fairly mobile liquids 
which contain no conjugated, but only linolenic which distil freely under a vacuum of about 
and linoleic, glycerides, and may bo considered 0*2 mm., and thus are obviously intermediate 
first. In the course of a few minutes (9-10 or else side products lacldng all tlie properties 
minutes in the case of a good genuine tung oil) of the more completely polymerised oils. Cyclic 
at 290-295°, tung or oiticica oils pass into a monomers appear to contain six-carbon ring- 
stable, friable colloidal gel solid at the ordinary systems formed from conjugated triene systems, 
temperature. The amount of conjugated un- but the structure of the cyclic dimerides is li?ss 
saturation present in the geUed tung-oil is very certain; possibly these also contain six-c'arbon 
much less than that in the original oil, and it rings, less probably the ring system mav contain 
may therefore be concluded that the polyrneri- more than bix carbon atoms or may l)e a cyclo- 
sation which has taken place has involved butane system, or, again, rearningement of an 
interaction or union at the conjugated un- initially formed cyclobutane system 
saturated groups. Prior to complete gelation, 

tung oil at 290° passes through stages of thicken- X*C H—C H* Y 

ing or increased viscosity (“ stand oil ” forma- | | 

tion) analogous to those produced, but much X-CH—CH-Y 

more slowly, when linseed oil is similarly heated. 

When linseed oil is heated in absence of air at may take place to yield acyclic dimeric products 
similar temperatures, two distinct phases of such as X*CH2-CHY*CY:CHX, etc. (Morrell), 
reaction may be distinguished. In the first Beyond this, the many views which have been 
place, the iodine value falls fairly rapidly to expressed as to the possible constitution of 
about 100, the specific gravity increases (from polymerised oils rest rather on hypothesis and 
0*92 to about 0*97), but there is only com- speculation than on experimental evidence. It 
paratively small increase in the viscosity of the is generally agreed that both chemical and 
oil; at this point (iodine value about 100) nearly physical forces may come into action; that 
aU linolenic unsaturation has disappeared from ordinary chemical changes accoimt at least for 
the product, which is known technically as thin the earlier stages of polymerisation, whilst, in 
stand oil. On more prolonged heating of the the later stages leading to very viscous fluids or 
oil at 290°, its viscosity rapidly increases until solid colloidal gels, forces of a physical, “ van 
the stand oil” produced is very thick and der Waals” type set up between the remain- 
viscous, but still quite clear and with no ten- ing unsaturated groups of the chemically- 
dency to form a solid gel; during this second polymerised molecules come into play (Bradley, 
phase there is comparatively little further Kappelmeier, Rossmann). Wornum (J. Oil 
reduction in iodine value. It is clear from the Col. Chem. Assoc. 1936, 19, 42) distinguishes 
fall of iodine value in the first phase of heat between two possible types of polymers: 
treatment that a considerable part of the original oriented, or fibrillar structures dependent on 
unsaturation disappears owing to changes such links of a chemical nature, and a plastic, non- 
afi cyclisation or polymerisation. It is at present oriented structure held by cohesional or “ van 
beheved that such changes are preceded by re- der Waals ” forces. It is well alsp to bear in 
awangement of non-conjugated to conjugated mind that intermolecular polymeric association 
etimmd systems in the unsaturated glycerides, of glycerides involves three-dimensional con- 
for at been observed that during this process siderations and that union, for example, between 

the mamio-anhydride values of the oil inorease j two acyl chains in two different triglyceride 
somewhat and that, coincidently, a certain I molecules affects in all six acyl chains (four of 
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which may not be directly concerned in the 
change). The ytHictiiral possibilities involved 
in the formation of a polymer equivalent in 
molecular size (say 3,500) to four or five com¬ 
bined triglyceride molecules are thus formidably 
complex. The possibility of something akin to 
mechanical interlocking of molecules by means 
of some of their long-chain acyl groups (Koss- 
mann, Fette u. Seifen, 1937, 44, 189, 434), in 
addition to capillary or cohcsional forces, should 
perhaps not be overlooked. 

Action of Hydrogen on Unsaturated 
Fats. 

The catalytic addition of hydrogen to un- 
saturated organic compounds in presence of 
nickel and a few other common metals, sys¬ 
tematically studied in the vapour phase by 
Sabatier and co-workers, became of great 
technical importance when Normann showed 
that fats could be hydrogenated in the liquid 
state, liydrogenation of fats is considered in 
detail elsewhere in this Dictionary {v. Hydro¬ 
genation, Vol. VI, 347c; Catalysts in In¬ 
dustrial Chemistry, Vol. IJ, 422d). 

Action of 8ulpiiuric Acid on Fats. 

In addition to the hydrolysing action on fats 
of concentrated sulphuric acid at temperatures 
somewhat above 100^ (c/. supra, “ Hydrolysis 
of Fats,” p. 44d), the interaction of sulphuric 
acid with two classes of fats at lower tempera¬ 
tures leads to products which have proved of 
technical value as textile detergents and also in 
special types of lubricating oils and emulsions. 
These materials, formerly known as “ siil- 
phonated oils,” are more properly termed sul- 
2 )haled oils. 

Sulphuric acid interacts readily with alcoholic 
hydroxyl groups-when these arc present in a fat, 
yielding the inonosulphuric acid ester of the 
alcohol. The most important case is that of 
sulphated castor oil, in which the ricinoleie 
groups of the glycerides are converted by sul¬ 
phuric acid into the sulphuric esters 

CH2[CH2]5CH(0S03H)’CH2CH:CH[CH2]7C00— . 
The alkali salts of the product, known since 
1875 as Turkey-red oil because it w^as first used 
in preparing cotton for dyeing and printing 
with the alizarin dyestuff Turkey lied, are 
moderately good wetting and emulsifying agents 
with detergent qualities, and have been widely 
used in the textile industries. Moi’e recently, 
sodium salts of mono-sulphuric esters of the 
higher fatty alcohols, such as lauryl, cetyl, or 
oleyl, have become technical products of specific 
value either as detergents capable of use in hard 
as weU as soft water (owing to the solubility of 
calcium or magnesium salts of the alcohol sul¬ 
phates) or as wetting-out, emulsifying, or dis¬ 
persing agents. 

Sulphuric acid also interacts, however, with 
the ethenoid groups of unsaturated fatty acids 
or glycerides. Thus, when oleic acid is treated 
with concentrated sulphuric acid at 0®, the action 
consists almost exclusively of addition at the 
double bond, yielding the sulphuric ester; 

•CH;CH +HaS 04 CH^ CHiO SO^Hy 


At 20° the ester is formed, but largely hydro¬ 
lysed to hydroxy-stearic acid, most of which is 
further converted into estolides by condensation 
of the hydroxyl group of one molecule wdth the 
carboxyl group of another (Ileiss, Collegium, 
1931, 557). 

Whereas sulphuric esters of this typo are pro¬ 
duced by the moderated action of sulphuric acid 
on oleic or ricinoleie acids, if the process is 
conducted under more drastic conditions, e.g., 
at temperatures of 35° or somewhat above, or 
in the presence of dehydrating agents such as 
acetic anhydride,' fuming sulphuric acid, or 
chlorosuliihonic acid, true sulphonic derivatives 
are produced instead of, or as well as, the sul¬ 
phuric esters, the action proceeding as follows: 

•CH:CH + •CH(0H) CH(S03H)- 

Sulphated cod- and some other fish-oils, sul¬ 
phated sperm-oils, and sulphated neats'-foot oil 
are largely employed in fat-liquoring and 
” stuffing ” emulsions in the leather trades, and 
also in cutting oils and some other special types 
of lubricants. Sulphated oleines, produced from 
technical oleic acids, also find similar use. 

The technical analysis of sulphated oils and 
oleines demands somewhat different technique 
from the routine examination of fatty oils (c/. 
D. Burton and G. F. Robertshaw, “ Sulphated 
Oils and Allied Products,” A. Harvey, 1939), 

Action of Halo(jens on Unsaturated 
Fats. 

Although they are not used to any large extent 
technically, the additive products of halogens 
and some other compounds with unsaturated 
fats and fatty acids are important both in quali- 
tative identification and in quantitative measure¬ 
ment of mixtures of glycerides or fatty acids. 
Chlorine and bromine unite additively with the 
ethenoid bonds of unsaturated fats with com¬ 
parative ease, but in the case of iodine the 
action is far from complete unless special agents 
are employed. The bromo-additive products 
formed with linoleic and linolenic acids serve to 
characterise the latter (c/. this Vol., pp. 61d, 625). 
Oleic and elaidic acids yield two different 
9:10-dibromostearic acids, each of which revert s 
on treatment with powdered zinc to the acid, 
oleic or elaidic, from which it was produced. 
Hypochlorous acid, produced in situ, e.g., from 
sodium hypochlorite solution and a current of 
carbon dioxide, similarly unites with unsaturated 
fats or fatty acids, forming mainly chloro- 
hydroxystearic acids (Albitski); these may be 
transformed by appropriate agents into oxido- 
stearic, dihydroxystearic, and other acids. The 
study of these interactions has proved of value 
in connection with the stereochemical relation¬ 
ships of oleic, elaidic, and the corresponding oxy- 
derivatives of stearic acid. 

The most important application of the halo¬ 
gens, and of some other compounds with similar 
additive properties, lies, however, in th^ deter¬ 
mination of unsaturation of fata (e. Oils 
(Fatty) and Fats, Technical Analysis of, 
this VoL, p. 62c). This is usual^ determined 
as the ** iodine value,” or absorption of iodine 
by 100 parts of the fiit or latty-acid mixture. 
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and measured by allowing a solution of fat to 
stand in contact with a reagent containing iodine 
in a form which will combine quantitatively with 
the (non-conjugated) ethenoid unsaturation 
present. 

Kaufmann (1925) observed that glacial acetic 
acid solutions of thiocyanogen, (CNS)2, can be 
made to react quantitatively with oleic acid and 
its glycerides, but do not unite completely with 
linolcic or linolenic acids and their glycerides. 
This has boon iriado, in conjunction with iodine- 
value determinations, a means of determining 
the proportions of each of these acids or their 
glycerides in mixtures (such as the “ drying ” 
oils) which contain all three forms of unsatura¬ 
tion {v. this Vol., p. 61i). 

Acton of Sulphur and Sulphur 

Chloride on Ijnsatitrated Fats. 

When the natural (cis-) forms of oleic and 
other unsaturated glycerides are heated in 
presence of small proportions of sulphur at 
200-230° isomerisation occurs and the equili¬ 
brium mixture of cia- and irans- (oleic and 
elaidic) forma is produced (Rankow, 1929); at 
the same time much of the sulphur becomes 
combined with some of the fatty oil. Selenium 
is a still more potent catalyst at 200-220° for 
this interconversion of geometrical isomerides 
(Bertram, 1936). 

From a technical standpoint the action of sul¬ 
phur on unsaturated oils at 130-160° is more 
important, since it leads to the formation of 
vulcanised oils or factice —products which have 
been used as rubber substitutes or in special! 
varnishes. Oils such as linseed, castor, rape, 
cottonseed, and marine-animal oils, when heated 
with up to 40% of their weight of powdered 
sulphur for some time at about 150-160°, com¬ 
bine with the sulphur, apparently in somewhat 
analogous fashion to that in which they combine 
with oxygen. The final product is a dark- 
coloured elastic, sticky or friable mass known as 
factice {v.Yol IV, 590a). Treatment with smaller 
proportions of sulphur gives dark, viscous, vulcan¬ 
ised oils which are used in leather varnishes. 

Vulcanised oils are, however, more largely 
produced by the similar combination of sulphur 
chloride, SgClg, with the unsaturated fatty oils 
mentioned, which takes place readily in the cold. 
The process is usually conducted by adding sul¬ 
phur chloride gradually to a solution of the oil 
in carbon tetrachloride. Hydrogen chloride is 
liberated during the action, but the products 
(‘ontain combined chlorine as well as sulphur. 
The materials finally obtained by combination 
of the oils with over 50% of their weight of sul¬ 
phur chloride are cream or pale-yellow coloured 
elastic, friable masses, which find use as rubber 
substitutes. Lightly vulcanised oils containing 
5-10% of combined sulphur somewhat resemble 
stand oils; in thin layers they dry slowly, yield¬ 
ing tough, elastic films which are very resistant 
to water. Such sulphurised oils are used as 
varnishes for leather and for rubber articles 
such as overshoes. ^ 

The mechanism of the action of sulphur on 
unsaturated fatty oils has been considered, 
inter alia, by Whitby (J.S.C.I. 1926, 116 t), 


Knight and Stambergor (J.C.S. 1928, 2791), and 
Hollander (Farben.-Ztg. 1930, 35, 998). 
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T. P. H. 

OILS (FATTY) AND FATS, TECH¬ 
NICAL ANALYSIS OF.* The following 
account of the methods used in the analysis of 
oils and fats includes all the methods of major 
ini})ortance in current use, but omits a number 
that have been employed in the past which have 
now become obsolete and are of historic interest 
rather than practical use. 

Many of the methods dealt with have been the 
subject of standardisation, and are ofiicially 
recognised in one country or another. In such 
cases the wording here given does not necessarily 
follow the official description as a considerable 
degree of compression has been necessary. The 
vast amount of work continually being published 
on the subject renders it impossible to have 
included full reference to all papers. 

Attention has been confined to methods 
dealing with oils and fats themselves, and 
methods dealing with fatty foods, soaps, and 
certain technical oils are not included. 

General. 

For the purpose of analysis the fatty oils may 
bo thus classified: 

Crude and Refined Oils: Oils that have 
been subjected to one or more of the pro¬ 
cesses of neutralisation, bleaching, harden¬ 
ing, deodorisation, and esterification. 
Manufactured Products : Stearines, oleines 
(pressed), cooking fats (compound lards), 
margarines. 

Technical Oils: Boiled, blown, and stand 
oils, sulphur oils, sulphated oils, halo- 
genated oils. 

By-products : Soap-stock, acid oils. 

Crude and Refined Oils arc analysed for 
the assessment of their quality and in some cases 
special determinations are made for other pur¬ 
poses, e.g.f the specific gravity of a sample of 
oil may be determined under strictly defined 
conditions of temperature and degree of solidifi¬ 
cation for the purpose of arriving at the weight 

♦ The superior figures following Authors' names 
refer to Bibliography at the end of the article. 
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of the parcel from which it was drawn, by cal¬ 
culation from an pjbserved volume. Commercial 
contracts usually call for various standards of 
acidity, colour, and freedom from contamination 
by moisture, mineral matter, organic dirt, and 
mineral oils. There may also be contract 
standards of titre in tallows and peroxide value 
(indicative of liability to rancidity) in edible 
oils. There will be a general requirement that 
the oil shoxdd be free from adulteration, and 
this can be determined only by a careful study 
of the various analytical figures found, and of 
corresponding data for likely adulterants. The 
palatability of deodorised oils and the degree 
of success that has been achieved in preparing 
them are assessed by the subjective method of 
tasting. 

Tests generally applied for arriving at the 
degree of purity of an oil include mclting-iioint, 
setting-point, titre, specifKi gravity, refractive 
index, saponification value, per(;entage and 
iodine value of the unsaponifiable matter, 
iodine value, sterol acetate test, the Halphen, 
Baiidouin, and Fitelson colour tests, Evers test 
for arachis oil, and at times the thiocyanogen 
value. Tests of special value in dealing wdth 
specific oils include; 


Alinoml, ajmeot, poacli, 
and pluiii-kcrncl oils. 
Arachis oil .... 

Castor oil. 

(diaulmoogra oil . 
Cottonseed oil . . . 


Kai)ok oil 
Linseed oil 
Maize oil . 
Oiticica oil 
Olive oil . 

Perilla oil , 
Kape oil . 


SesannS oil 


Biober test. 

Botermination of arachidic 
acid, smoke point. 

Acetyl value, viscosity, 
solubility tests. 

Optical rotation. 

Titre, Halphen test, smoke 
lioint, determination of 
gossypol. 

Halphen test. 

Insoluble bromides test. 

Smoke point. 

Maleic anhydride value. 

Iodine value of unsaponifl- 
able matter, Fitelson test. 

Insoluble bromides test. 

Visc^osity, flash point, io¬ 
dine value of acids form¬ 
ing lead salts insoluble 
in ether. 

Baudouin test. 


Soya oil . 

Tcaseed oil 
Tung oil . 


Cod-liver oil . 

Halibut-liver oil . 

Shark oils .... 

Whale oil. 

Dofiitiin oils . . . . 

(\)conut and pahu-keniel 
oils, stcarines and 
oleines 

Cocoa blitter .... 
liorneo tallow 

Lard and lard stearin. . 


Tallows 
Butter fats 

Hardened oils 


Insoluble bromides test, 
determination of lecitliin. 

Fitelson test. 

Polymerisation tests, un* 
liolymerisablc extract, 
maleic anhydride value. 

Cold test, blue value, tests 
for vitamins. 

Blue value, tests for vita¬ 
mins. 

Blue value, unsaponffiable 
matter. 

'Tost for fuel oil contamina¬ 
tion. 

Ileiehert and Kirschner 
values. 

lle'ichert and Polenske 
values. 

.lensen solidification test. 

.1 onseii solidification test, 
unsaponifiable mat-ter. 

Melting-point and micro¬ 
scopic examination of 
crystals deposited from 
solution in ether. 

'I'itre test. 

Ileiehert, Polenske, and 
Kirschner values. 

Lead salt seiiarations, de¬ 
termination of fully satu¬ 
rated glycerides. 


Tho normal limits of variation for the analyt¬ 
ical figures of the commoner oils and fata are 
shown in the following tables, the data in which 
w'ill be found of use in determining tho nature 
of an unknown oil, as well as for tho establish¬ 
ment of the purity oi oils from known sources. 
All iodine values in tho tables are determined 
by tho Wijs method. 

Manufactured Products. —Tho stearines 
and oleines produced from tallows, coconut oil, 
and palm-kernel oil by pressure bear obvious 
relationships to their parent oils, and the 
methods used for the examination of the latter 
are generally applicable. The manufactured 
products may exhibit a wide variation of hard¬ 
ness with corresponding variations in tho 
analytical figures, and tho general direction of 
these variations is indicated in the following 
tables. 


Table I.— ^Animal Fats. 



Butter fats. 

Beef tallows. 

Lard. 






Premier 

jus.* 




Cow. 

Goat. 

Sheep. 

Buffalo. 

Stcariiie. 

Oleine. 

Melting-point: 









Incipient, °c, . 
Complete, ®c. . 

28-34 

27-38 

_ 

_ 

47-49 

50-54 

% ariable 

35-46 

Solidifying point, ‘’c. 

19-24 

24-31 


— 

32-37 

47-50 

—■ 

25-30 

Titre, °o. 

Specific gravity: 

33-38 

“ 



42-45 

0-937- 

48-51 



at 15/15'’c. . . 

0-936- 

— 

— 

— 

— 

— 

— 

0-944 




0-9,53 




at lOO/lOO'-F. . . 

0-910 - 

— 

— 

— 

0-860- 

— 

— 

0-860- 

0-913 




0-862 



0-862 

Refractive index, 




42-45 

47-49 

46-48 

47-49 


Zeiss at 40''C. . 

42-44 

45 

45 


Saponifleation value 

222-232 

221-240 

216-240 

207-229 i 

195-200 

192 -197 

198-202 

193-190 

Unsaponifiable mat¬ 
ter % . 

0-3-0-6 

_ 


_ 

0-2-0-4 

18-25 

_ 

0-2-0-4 

Iodine value ... 

33-45 

21-39 

25-38 

ca. 36 

32-46 

40-51 

55-68 

Reichert value . 

24-33 

20-29 

23 33 

28-33 

0-2-0-9 

— 

— 

— 

Polenske value . 

1-7-3-5 

— 

— 

■— 

— 


— 

— 

Kirschner value . 

20-26 

— 

— 





— 

Baryta value (soluble) 

57-70 

— 


— 

8 

0-5 

12 

— 

Free fatty-acid as 
oteic % ... 

0-2-1 

! 

— 

__ 

0-2-0-5 

01-0-3 

0-2-0-6 

01-0*8 


• Technical tallows give simUar ^gures with the exception of acidity, which may range up to 60%. 
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Table II. —Fish and Mabine-animal On.s. 



(‘od 

Halibut 

Herring. 


Sardine. 

Whale. 

Dolphin. 


liver. 

liver. 

hadeu. 

Body. 

.Taw. 

Titre, ‘^c:. 

Specific gravity ; 

17-18 

— 

26-30 

--- 

25 28 

22-24 

— 

— 

at 

Kefractive index, 

0-5)22- 

0-029 

0-922 

0-925 

0-917- 

0-930 

0-929- 

0-931 

0-932 - 
0-5)35 

0-921- 

0-92G 

0-931 

0-923 

ZeisB at 40"{\ . 

67-7.3-.f) 

66-.5-79-5 

58-63 

79-8! 

70-73 

57-5-60 

51) 

25) 

Saponification value 
UnRaponitiablc mat¬ 

180-190 

170-180 

184-191 

188-194 

188-192 

193-197 

215 

275 

ter % . . . . 

uj) to 1-5 

8-13 

1-2-5 

0-5 1-5 

0-5 0-9 

up to 1-5 

1-2 

16 

Iodine value . 

Free fatty-acid ns 

1.55-173 

120-136 

105-125 

100-180 

173-190 

108-130 

140 

30 

oleic % . . . 

up to 0-6 

— 

2-8 

2 7 

1 4 

iij) to 2-0* 

0-3 

0-5 

Insoluble bromicies % 

30 35 

... 

10 25 

m. 50 

— 

20 30 

— 

— 

Blue value ((’urr-Brico) 

over 6 

400-3,000 

— 

— 

— 

— 

— 


Beichert value . 


— 




2/ 

I 10 


♦ grade ] oil. 


Table III. —Vegetable Fats. 




Coconut. 


Palm kernel. 

Palm 










oil 

refiju'd. 

('oeon 

Pornco 


Oil 

Stearin 

Olein 

Oil 

Sh^arin 

Olein 

butter. 

tallow. 


crude. 

refined. 

ndined. 

crude. 

refined. 

re titled. 




Melting-point: 










Incipient, '^0. . 

20-22 

— 

- 

21-24 

— 


20 4 

.30-32 

30-36 

C’omplete, ®c. . 

23-26 

26-31 

16 22 

26-29 

32 

26 

4()-() 

32 31 5 

35 35) 

Solidifying point, 
Titre test, "o. 

22-23i 

24-25) 

14 22 

24-261 

27-32 

23-26 

25-1 

27-20-5 

28-32 

21 25 

— 

— 

20-291 


— 

44 2 

48 50 

50 52 

Specific gravity: 









at99/15"c. . . 

0-860- 

0-860 - 

0-870 - 

0-855) 

0866 

- — 

- - 

0 858 

— 

0-874 

0-869 

0-875 

0-870 






Kefractive index, 










Zeiss at 40°c . 

34-7- 

.34-5- 

35-.5- 

36-0 

.35 5 - 

37-5 - 

46 19 

46 17'5 

45-17 


35-5 

.34-8 

35-7 

37-5 

36-0 

37-9 




Saponification value 
(Jnsaponiflable mat¬ 

255-258 

252-255 

257-202 

211 219 

249-252 

244-216 

106 206 

102 108 

188 207 

ter % ... . 

0-1.5- 

— - 

— 

0-20- 

— 

— 

0-71-5 

0 8 1-2 

0-7 2-0 


0-80 



0-80 






Iodine value 

7-9 9-5 

20-7-9 

11-15 

14-5- 

4 0 14-5 

19-3{) 

40 52 

35-40 

20 38 





19-0 






Thiocyanogen value 

— 






— 

„. 

— 

Ileichert value . 

6-5 8-0 

4-5-60 

8-10 

5-2-G-5 

3 0 5-2 

6-5 0-0 




Polenske value . 

15-17 

8 15 

17 20 

9-7-10-7 

7-5-97 

10-7 

— 

- 








J30 




Kirscliner value 

1-6-1-9 

1-01-5 

20-2-5 

0-8-1-2 

— 

— 

.... 

— 

— 

Bartya value (soluble) 

57 

— 

— 

33 

— 

— 

— 

2-7 

8-15 

Free fatty-acid % . 

Colour reading (Lovi- 

1-6* 

0-Jt 

0-2t 

0-.5-10* 

0-2-0-6t 

0-2 

0-1-0-1 i 

0-5-3 

.5 25 

bond) through 1 
inch : 










Yellow . 

2-5 

— 

— 

10-20 

— 





Bed .... 

0-6-1-2 



0-5-1-3 







♦ As lauric acid. t As oleic acid. } As palmitic acid. 


('rude paliii'Oil may have f.f.a. from 2 to 8.'i%. 


Tbe cooking fats (compound lards) and the 
fatty bases of margarines are mixtures of liquid 
and solid oils, blended to confer desired degrees 
of consistence and texture. As is the case with 
all solid products, the melting and solidifying 
points are of primary importance. In many 
cases the composition can be diagnosed, but it 
win often be found that no clear proof of the 
composition is possible. General indications of 
value are given by the saponification value, 
high figures usually indicating the presence of 
oi& of the palmm or butter fat, whilst Reichert, 
Polenske, and Kirschner values give a good 
idea of which of these is present and in what; 


amount. Hardened oils are indicated by the 
presence of notable amounts of i^ooleic acid, as 
shown by the iodine value of the solid acids 
separated in the load-salt separations; but 
account must be taken of the fact that taUows 
have been held to contain a small proportion of 
unsaturated acids yielding insoluble lead salts, 
whilst rape oil contains a notable percentage. 
Traces of nickel fi*om the hardening process may 
be present if hardened oils have been included, 
and if found are a reliable indication of such oils, 
but the absence of nickel cannot be taken to 
prove the absence of hardened oils, owing to 
the efficiency with which it can now be removed. 
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Tabi.e IVa.—^Veoetable Oils. 



Almond. 

Araohis. 

Apricfit 

kernel. 

Castor. 

Cotton. 

Hemp. 

Kapok. 

Linseed. 

Solidifying point, ®C. 

ca. —20 

0-3 

__ 

__ 

_ 




Titrc, '*0 . 

— 

27-30 

— 

— 

32-30 

14-10 

25-32 

13-17 

Specific gravity: 







at 15*5/15*5°c . . 

0-91 <S - 

0*917- 

0*917- 

0*958 - 

0*921- 

0*928- 

0*921- 

0-931- 


0*920 

0*919 

0*920 

0*909 

0*924 

0*932 

0*923 

0*936 

Kefractive index, 





Zeiss at 40"c. . 

56*5-57*5 

55 57*5 

— 

03-70 

58-59 

70 

53-"7 

71*5-79 

Viscosity, Bedwood ; 







at 70 “f. . . . 

— 

300-420 


— 

295 


320 


at 100°F. . 

— 

— 

— 

1,100- 

1,190 




— 

at 140 °f. . . . 

— 

.— 


_ 

_ 

_ 

_ 

_ 

Saponification value 

1S3 207 

18.S 194 

192 198 

177-187 

192 195 

190 -193 

190-197 

188-195 

Unsaponifiable mat¬ 








ter % ... . 


0-4-0-9 


0*3 1*0 

0*8-1-8 

1 *0-1*5 

.— 

0*8-20 

Iodine value . 

95-104 

85-100 

107-109 

82-90 

103-113 

155-105 

95-110 

175-200 

Acetyl value . . 

— 

— 

— 

1 148 151 





Free fatt 5 "-acid as 









oleic % ... 

0 4 2*0 

ca. 2 

1 4 2 

0 5 10 

1 5 

ra. 4 

variable 

ca. 2 

Aracliidic acid of 









m.p. 72°C. % . . 

nil 

r> 

nil 

nil 

nil 

nil 

nil 

nil 

Insoluble bromides % 

nil 

nil 

nil 

nit 

ml 


nil 

30 42 

Colour reading (Lovi- 
bond) through 1 
inch : . . . . 









Yellow . 

3-5 

10-25 


* tip (o 

r 15 70 



45-70 

Bed .... 

0 5-07 

12 


* np to 
0*25 

1 4 9 

— 

— 

2*5-0 


* “ Firsts oil " : crude oil, yellow 12-15, rod 1-2. 

t Crude oil; common edible, yellow up to 35, red up to 3*5 ; deodorised oil, yellow up to 7, red up to 0*7. 


TaBI.K IVlt.—V^ECETABLE OlLS. 



Maize, 

Oil idea. 

Olive. 

JVrilJa. 

Boppy., 

Bape. 

Sesame, 

Soya. 

Solidifying point, ®c. 


— 

— 


— 

— 

— 

19-22 

Titre, “o. 

14-10 

— 

17 25 

— - 

15 17 

10-18 

22 24 

Sjicciflc gravity: 







0*921 - 

0*924- 

at 15*5/15*5°0. . 

0*921- 

0*980- 

0*915 - 

0*932- 

0*924- 

0*913 - 

0*928' 

0*995 

0*918 

0*930 

0*920 

0*910 

0*924 

0*926 

Bcfractlve index, 









Zeiss at 40'’0 . 

58*5-00*5 

*, 

53 50 

71 7 5 

03-04*5 

69-00 

59-01 

02-64 

Viscosity, Bedwood : 




’ 





at 70 '’f. . : . 

— 

— 

312 

— 

200 

380-405 

— 

— 

at 100°F. . . . 

— 

— 

90 


— 

— 


75 

Saponification value 

188-193 

190-193 

188 -195 

193 205 

192-190 

170-177 

188-193 

190-194 

Unsaponifiable mat- 






0*0-1 *5 

0*8-1 *5 

0*7-1 *8 

ter % . . . . 

0-8-2-5 

0* 6-0*9 

0*7-1 *5 

1 *0-1 *5 

ca. 0*5 

Iodine value . 

103-125 

130-152 

79- 88 

193-205 

J 30- 145 

97-107 

105-114 

129 141 

Free fatty-acid as 
oleic % . . . 

over 1 

1 2*5 

0 2-2 

0*5-30 

variable 

0*5-2 

1-5 

! 0*5-3 

Arachidic acid of 






nil 

nil 


m.p. 72 ®c. . 

nil 

nil 

nil 

nil 

nil 

nil 

Insoluble bromide % 

nil 

— 

nil 

nil 

nU 

— 

nil 

nil 

Heat test of app. C, 


ca. 18 







B.S. 391, min. 

— 

— 

— 


— 

-— 

— 

Unpolymerisable mat¬ 
ter of app. G., B.S. 


ca. 40 





ca. 40 


391 .... 

— 


-- 


—- 

— 

Colour reading (Lovi- 
bond) through 1 
inch: 

Yellow . 










00-90 

12-40 

40-00 


30-45 

up to 30 

45-00 

Bed . . . . 

— 

4-8 

0*7 -1 6 

1-2 


2-6 

up to 3*5 

4-6 


* Jlcfractive index, Wp at 25”c. : 1*512-1*522. 


In oases where the nature and amount of the 
solid base can be determined with reasonable 
accuracy, calculation by proportion will lead 
to anal 3 rtical figures for the liquid base and a 
diagnosis of its nature can then often be made. 
In all cases it is well to bear in mind the com¬ 
mercial prices and comparative availability of 
suspected ingredients as a guide to the likelihood 
of their presence. 

Various relationships are apparent between 


the different analytical data for the majority of 
fatty oils, and some of these are dealt with by 
J. Lund.^® Thus in the case of oils of saponifi¬ 
cation value ca, 190, the fatty acids of which 
are straight-chain and non-conjugated, the 
specific gravities and refractive in^ces are pro¬ 
portional to the iodine values. Hydroxy-acids, 
as in castor oil, and conjugated acids, as in tung 
oil, raise the specific gravity and refractive 
index well above the values that would be 
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Table IVc.—Vegetable Oils. 



Sunflower. 

Tung. 

Hydno- 

carpus. 

Teaseed. 

Solidifying point, “o. 

litre, °c. 1 

_ 

_ 

— 


18-22 

31 

—■ 

13-14-5 

Spccillc gravity at l5-5/15 r)''c. 

0-924-0-92d 

0-930-0-943 

0-950-0-900t 

0-910-0-918 

Refractive index, Zeiss at 40. 

00-03-5 

* 

09-5-76 

52-5 55 

Viscosity, Redwood at 7 ()°f. 


210 

— 

~ 

8aponiflcation value. 

100-194 

189 195 

198-204 

190-195 

Unsaponiflabie matter %. 

0-3-0-9 

0-4-10 

— 

0-8 -1 -2 

Iodine value. 

125 140 

155-175 

97-103 

1 79-87 

Free fatty-acid as oleic %. 

0-5 5 

0-5-3 

up to 12 

1 0-3-8 

Insoluble bromides %. 

nil 

nil 

nil 

Heat test of app. 0, B.S. 391, min. 

—. 

8-10 

— 

— 

Unpolymerisable matter of ap]). G, R.S. 301 . 

-- 

10 25 

— 


ftpecifle rotation of 30% solution in chloroform 

— 

— 

over 53" 

— 

Colour reading (Lovibond) through 1 inch : 

Yellow. 

20-35 

35-45 


40-00 

Red. 

1-2 

3 5 7-5 


3-4 


* Kefrartive index, at 2 (^ 0 .: 1*517-1-522. t At 25/25"(', 


expected from this relation; the presence of 
lower fatty acids, as in butter fats and oils of 
the fialmfe depresses them. 

Technical Oils. —Blown, boiled, and stand 
oils, used in the paint industry, consist of drying 
oils treated with driers, and more or less oxidised 
and/or polymerised according to the nature of 
the treatment they have received. Determina¬ 
tion of the nature and proportion of driers is 
important, and lead, cobalt, and manganese 
should be sought. The extent of the oxidising 
or polymerisation are shown by the degree of 
reduction of iodine value, increase of viscosity, 
and formation of oxidised acids (acids insohible 
in a relatively large amount of light petroleum). 
Changes in specific gravity and refractive index 
should also be noted. 

Sulphur Oils, i.e., crude oils extracted by 
means of carbon disulphide, may contain free 
sulphur. Sulphur olive-oil contains more 
resinous matter than the pressed oil, and the 
unsaponifiable matter is often in consequence 
1-2% higher. This oil, which is at times of 
high acidity, and which may be highly fer¬ 
mented, can be refined by an esterification pro¬ 
cess with glycerine; the refined ohve oil so 
produced has high unsaponifiable matter content 
(of low unsaturation) and a somewhat high 
specific gravity. 

Sulphated and Halogenated Oils re¬ 
quire special methods of analysis, and are not 
dealt with in this article. 

By-products. —The value of soap-stocks is 
assessed from the content of total fatty matter 
or total saponifiable matter, and the value of 
acid oils is also assessed by the same means. 
The proportion of free fatty-acid in an acid oil 
may be determined by the usual titration 
method (^ee p. 62c), or the actual proportion by 
weight may be determined by extracting the 
free acids with aqueous-alcoholic potassium 
hydroxide from a light petroleum solution of the 
oil, and subsequently hberating them by means 
of mineral acid. 

PREPARATION OF SAMPLE FOR 
ANALYSIS. 

In order that representative portions of a 
sample may be taken for analysis it is almost 


always necessary to melt the sample at the 
lowest possible temperature which will ensure 
that melting is complete, and to shake it to 
ensure homogeneity. If the liquid is then clear 
and bright analysis may be proceeded with im¬ 
mediately, but if the sample is turbid or contains 
suspended water or dirt a preliminary filtration 
through a paper, such as No. 4 Whatman, is 
carried out to remove all suspended impurities 
before chemical tests are applicnl. The original 
mixed sample is of course used for testing for 
water and impurities and in certain cases for 
unsaponifiable matter, specific gravity, or 
apparent density tests. Where filtration is 
conducted the resulting oil should be clear and 
bright before examination. 

DETERIMINATION OF WATER AND 
IMPURITIES. 

Water. 

Determination of moisture or water in oils 
and fats is made in one of two ways according to 
whether the oil is neutral and non-drying or 
otherwise. If it is neutral and non-drying, a 
weighed portion of the sample is dried to 
approximately constant weight in a water oven 
at 98°c. or in an air oven at 105°o. The drying 
process is prolonged until the difference between 
weights taken at half-hourly intervals does not 
exceed 1 mg., the total loss in weight being 
regarded as moisture. If the oil is markedly 
acid, as in the case of acid oils, or is a drying oil 
liable to absorb oxygen when heated, the usual 
method adopted is that now standardised in 
British Standards such as B.S. No. 391, 1936; 
it is practically the same as that described by 
E. R. Bolton * (p. 16), which was in turn 
developed from the Standard Method agreed 
on by the Committee of Analysts of the Ministry 
of Food, 1919. In the British Standard method 
the apparatus used for the determination con¬ 
sists essentially of a drying tube (see Fig. 1) 
in which the oil to be dried is spread over a 
loose wad of asbestos fibre; the tube is main¬ 
tained at about 60°o. in an air bath while the 
drying is carried out by means of a current of 
hydrogen or other inert gas, the loss of weight 
of tube and contents being taken as the weight 
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of moisture in the oil used. The tube, 
charged with long-fibred asbestos, previously 
moistened and air dried, is placed in the air 
bath at 50°c. and the dry gas is passed through it 
until it becomes constant in weight; it should 
be noted that the inert gas must always bo 
replaced by air before weighing. The exit tubes 
of the tube are covered by rubber caps during 



cooling and weighing operations. 3-5 g. of 
the oil are weighed into the tube and distri¬ 
buted over the asbestos ; the oil is dried by the 
passage of gas at 50°o. until the weight is con¬ 
stant. 

Alternative methods for the determination of 
water are: 

(1) The determination of the loss in weight 

of a weighed quantity of the oil con¬ 
tained in a porcelain dish on heating to 
105°c. over a small flame, a thermo¬ 
meter being used for stirring the oil and 
being weighed with it and the dish; 
this method is chiefly used in works 
control; it is quick but not of any groat 
accuracy. 

(2) The distillation of the water in the oil 

with an immiscible solvent such as 
toluene in an apparatus of the Dean- 
Stark type. This method is also not 
of great accuracy, but has the advantage 
that it gives a figure for the actual water 
content of the sample, as distinct from 
a figure for moisture and volatile matter 
such as is obtained by the usual 
methods. It forms the basis of the 
Internationally Agreed Method of B.S. 
No. 684, 1936. 

Impurities. 

Mineral Matter (Ash) in an oil is*deter¬ 
mined by incinerating about 10 g. of the oil in a 
platinum or silica dish, continuing the ignition 
until all carbon has disappeared, cooling and 
weighing the residue. If much fusible matter 
or volatile alkaline matter is present, the sample 
is first charred and most of the oil is burnt off. 
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the residue is extracted with hot water and the 
extract filtered off. The filter and charred 
residue are completely ignited, the extract is 
added and evaporated to dryness and the whole 
is completely ignited with care. The ash is 
recarbonated if necessary, and ignition com¬ 
pleted at about 500°o. 

Organic Dirt is determined in most oils by 
filtering 20-50 g. of the oil in the water oven 
through a dried, plaited paper previously 
weighed in a stoppered bottle; the paper is 
extracted in an extractor until free from soluble 
matter with light .petroleum (b.p. 40-60‘’o.), 
dried, weighed, and ashed. The weight of the 
ash is deducted from the weight of total dirt 
found, the resulting figure representing the 
weight of organic dirt in the oil used for the test. 

The proportion of “ foots ” in linseed oil is 
determined, according to the Methods of 
Analysis of the Association of Official Agricul¬ 
tural Chemists (Methods, 5th ed., p. 114), by 
mixing together in a tube at 27‘^c., 25 nd. of the 
sample, 25 ml. of acetone, and 10 ml. of a reagent 
made by satimating with calcium chloride a 
mixture of 90 parts of water and 10 parts of 
hydrochloric acid ; shaking for exactly 1 minute; 
clamping the tube in a vertical position, and 
allowing it to stand at 20-27° for 24 hours. The 
volume of precipitate is then determined to the 
nearest 0-1 ml., and when multiplied by 4 gives 
the percentage of foots. The tube used for the 
sedimentation should have an internal diaiqeter 
of from LO to 1-5 cm., a capacity of 70 ml., and 
should be graduated 10-50 ml. from the bottom. 

In the cases of Cottonseed Black-grease, the 
acid oil obtained from the soap-stock produced 
in the refining of cottonseed oil by means of 
alkali, and of Sulphur Olive-oil, it is usual to 
employ carbon disulphide as solvent in a test 
similar to the above. This solvent retains in 
solution certain resinous or non-fatty matters 
that are not dissolved by light petroleum, and 
the proportion of organic dirt yielded is therefore 
lower than it would be if the latter were used. 
As the oils themselves are also solvents for 
certain dirt constituents, agreement has been 
reacdied in this country to proceed as follows 
in these cases: To 5 g. of the undried sample 
add 250 ml. of carbon disulphide. Stir at 
intervals until solution is as complete as possible 
and then allow the mixture to stand for about 
12 hours in a covered vessel. Filter off the in¬ 
soluble matter through a dry, weighed or tared 
paper, and thoroughly wash with cold carbon 
disulphide. Dry and weigh the insoluble 
matter. Add to the weight so obtained the 
difference between the weight of the ash of the 
insoluble matter and the weight of the ash 
yielded by 5 g. of the sample. Divide the 
weight so obtained by 5 and multiply by 100 to 
obtained the percentage of matter insoluble in 
carbon disulphide. It will be observed that 
this figure includes certain mineral matters 
soluble in the solvent. Formerly it was not 
customary to make this addition, and in the 
case of Sulphur Olive-oils, it was usual to 
employ light petroleum in the above method in 
place of carbon disulphide. Attention may be 
drawn to the extreme inflammability of the 
latter solvent, which renders it imperative to 



58 


OILS (FATTY) AND FATS, 

ensure the removal of all carbon disulphide 
before the filter and dirt are dried in the oven. 

Sea Water. —In cases where a sample is 
suspected of having been contaminated with 
sea water, the proportion of sea water in the 
water contained in the sample may be deter¬ 
mined either from a determination of chlorine 
in the ash, or by extracting about 100 g. of the 
sample, dissolved in 500 ml. of light petroleum, 
with water and determining chlorine in the 
resulting aqueous extract. In such estimations 
it is usual to assume that sea water contains 
2-5% of common salt. 

Fuel Oil.—^Whalo oil is produced in very 
large quantities in floating factories which 
remain in the fishing grounds throughout the 
fishing season, and much of the oil they prt^pare 
is transported home in the transport ships which 
carry fuel oil to the factory ships, using the same 
tanks for this as for the whale oil produced. 
Great precautions are taken to clean tanks 
between cargoes, but occasionally slight con¬ 
tamination of the whale oil occurs; as little as 
0 - 01 % of fuel oil in whale oil seriously detracts 
from its value, and it has been alleged that it 
adds to the cost of refining and hardening the 
oil and leads to a refined material of dead 
appearance and poor colour, as the fuel oil 
cannot be removed commercially. The problem 
of detecting and estimating such traces of fuel 
oU has boon dealt with by E. R. Bolton and 
K. A. Williams (Analyst, 1938, 63, 84) who 
obtain a residue of hydrocarbon oil amounting 
to about half the percentage of the fuel oil if 
fuel oil is present, but a residue of only 0*003% 
or less if the oil is uncontaminated ; the process 
employed consists essentially in preparing the 
unsaponifiable matter from 100 g. of the oil, j 
by a double saponification and extraction pro-! 
cess, heating the unsaponifiable matter with a 
specified arnoimt of acetic anhydride, cooling 
and allowing to stand, when the hydrocarbon 
derived from fuel oil separates and is removed, 
weighed, and examined. The method is empirical, | 
and success depends on the observance of all 
the details of the published paper. Alterna¬ 
tively these authors have put forward a method 
for the detection of small amounts of fuel oil by 
the chromatographic adsorption of asphaltes 
contained therein, a solution of the oil in light 
petroleum being passed through a column of 
specially prepared alumina; the adsorbate is 
re-extracted with ether, recovered, and sub¬ 
mitted to the adsorption process a second time. 
0*006% of fuel oil can be detected in this way. 

Lecithin is found in certain oils, notably in 
crude soya-bean and arachis oils, especially if 
prepared by expression. It may be separated 
from the oil by treatment with a large volume of 
acetone, but this method does not lead to 
accurate figures for the percentage present. It 
is more usual to determine the proportion of 
phosphorus in the oil and, assuming this all to 
be derived from lecithin, to calculate the per¬ 
centage of the latter by multiplying the amount 
of P 2 O 5 found by 11*366. Phosphorus may be 
determined by mixing a known weight of the 
oil with five times its weight of sodium carbonate, 
charring the mixture thoroughly, extracting the 
char with dilute nitric acid, filtering, andapplying 
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Pemberton’s method to the filtrate. The filtrate 
is made up to a definite volume, and 25 ml. of the 
solution, which should not contain more than 
0*06 g. of RgOg, is placed in a conical flask. 
10 ml. of nitric acid (p 1*42) are added and the 
solution is nearly neutrabsed with ammonium 
hydroxide, diluted to 70-80 ml., and heated 
in a water bath to 60-65®o. To this is added 
25 ml. of freshly filtered molybdate solution, 
prej)ared by dissolving 25 g. of molybclic acid in a 
mixture of 36 ml. of ammonium hydroxide solu¬ 
tion (p 0 90) and 68 ml. of water and adding the 
solution slowly with stirring to a mixture of 
122 ml. of nitric acid (p 1*42) and 287 ml. of 
water, and then keeping for a few days and 
filhaing. The mixture is stirred and kf'pt at 
60-65°c. for 15 minutes, and is then filtered 
through a Goo(ih filter prey)ared with a thin 
layer of weU-washed asbestos. Th(^ precipitate 
and flask are washed with cold water until 
20 ml. of the washings do not decolourise a 
mixture of 0*5 ml. of 0*5 n. sodium hydroxide 
solution with a few drops of phenolphthalein 
solution. The asbestos wad and precipitate are 
carefuDy transferred back to the conical flask. 
0*5 n. Sodium hydroxide solution is added imtil 
the yellow precipitate has dissolved completely, 
an excess of about 10 ml. being used. After the 
addition of a few drops of 0*5% alcoholic ]>henol- 
phthaiein solution the contents of the flask are 
titrated with 0*5 n. hydrochloric acid. The differ¬ 
ence between the number of millilitres of sodium 
h 3 ^droxide and of hydrochloric acid used is 
multiplied by 0*001544 to obtain the weight in 
grams of P 2 O;, in th#‘ 25 ml. of ])hosphaio solution 
used for fi'e test. /Sec aim Hutt and Wcathcrall 
{ibid. 1944, 69, 39). 

Gossypol, a brown colouring mat!or in 
cottonseeds, finds its way into crude cottonseed 
oil in quantities of the order of 0 * 1 %. It may 
be determined by the method of H. 1). Royce, 
J. R. Harrison, and P. D. Deans (Ind. Eng. 
Chem. [Anal.], 1940, 12, 741). The filtered oil 
(50 g.) is dissolved in light petroleum and 
diluted to 110 -130 ml., and 10 ml. of a mixture 
of 4 parts of pyridine and 1 part of anilino arc 
added. After thorough mixing, tlie solution i.s 
kept in a loosely-stoppered flask at 36-40°c. 
for from 7 to 14 days, the longer period being 
used if less than 0 * 01 % of gossypol is present. 
The liquid is agitated once every day. The 
precipitate is collected, by suction in a fared 
crucible and washed with light petroleum con¬ 
taining 1-3% of pyridine, until free from oil; 
the total volume of the washing liquid should 
not exceed 100 ml. Pyridine of crystallisation 
is driven off by heating for 1 hour at 160°c. 
and the product is weighed as dianilino-gossypol, 
a factor of 0*776 being used to convert this 
weight to gossypol. If desired, the precipitate 
may be weighed as dianUino-gossypol-dipyridino 
if it is dried for 2 hours at 60°o. The factor in 
this case is 0*627. The method is claimed to 
recover 95-98% of the gossypol in a 0*1% solu¬ 
tion, but with oils containing 0 * 01 % the precipi¬ 
tation is slow and incomplete. Better results 
are obtained in such cases if a known weight of 
pure gossypol is added to the test oil. 

C. M, Lyman, B. R. Holland, and F, Hale 
(ihid. 1943| 489) determine gossypol in 
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cottonseed meal by a photoelectric light-absorp¬ 
tion method based on the colour developed by 
treatment of an extract in butyl alcohol with 
aniline. 

Break Test. —The “ break ” in an oil, 
almost always present in crude drying oils such 
as linseed oil or semi-drying oils such as soya¬ 
bean oil, is the material that separates from the 
oil when it is heated to an elevated temperature; 
it consists of non-fatty matter that has become 
dissolved in the oil during preparation and will 
mostly separate if the oil is tanked or allowed to 
stand quietly for a long period. 

The modified Gardner break-test of the 
American Oil Chemists Society is described in a ! 
report of an American Chemical Society Com¬ 
mittee on the analysis of commercial fats and 
oils [ibid, 1940, 12, 379) thus: The oil is main¬ 
tained at 75°c. for 5 minutes; 25 g. are weighed 
into a 180-ml. beaker, and 3 droi)s of hydrochloric 
acid {p 1*19) are added and well stirred in. A I 
thermometer (30 cm. long, 6-7 mm. diam., 
bulb 13 mm., graduated —6° to 400°c. in 2°) 
is suspended in the oil with the bulb immersed 
but not touching the bottom of the beaker, and 
the latter is heated to 289°c. at the rate of 4°c. 
temperature rise per minute. The beaker and 
contents are cooled to 25“c. 50 ml. of carbon 
tetrachloride are added with stirring, and the 
whole is allowed to stand for 1 hour, with stirring 
at 15-rainutc intervals. The liquid is then 
filtered through a Gooch crucible prepared with 
medium-fibre asbestos, the precipitate being 
transferred thereto. The crucible is washed 
with 100 ml. of carbon tetrachloride in 20 ml. 
portions, dried at 105°o., cooled, and weighed. 
The percentage of “ break ” is calculated from 
the gain in weight of the crucible. 

Metallic iMruitiriES. 

Oils and fats dissolve small quantities of 
almost all metallic soaps. Those most commonly 
encountered are the soaps of sodium, iron, cal¬ 
cium, and nickel. Occasionally there are also 
found soaps of copper, lead, zinc, aluminium, 
and tin. 

The metals may generally be separated as 
salts from the oil, either by extraction with a suit¬ 
able mineral acid, or by ignition of the oil and 
solution of the resulting ash in acid. Their 
detection and the determination of the amount 
present in the oil are then accomplished by j 
means of the usual analytical processes. 

Soaps of the alkali metals are often detected I 
in works practice by boiling about 20 g. of the 
oil with water and adding a solution of phenol- 
phthalein to the cooled aqueous extract. A pink 
colour is produced in the presence of traces of 
soap. 

The determination of nickel is of importance 
in the examination of hydrogenated oils; it is 
not usuaUy present in such oils to an extent 
greater than 1 part in 5-10 million of oil. The 
following method is given by E. R. Bolton ® 
(p. 18): 60 g. or more of the oil are incinerated 
in a platinum dish (a small quantity at a time). 
The ash is dissolved in 1-T5 ml. of concentrated 
hydrochloric acid by gentle warming. The 
solution is made distinctly alkaline with am¬ 
monia and filtered into a small tail-form beaker; 


the filter is washed twice with 2 ml. of water, 
the washings being collected in the beaker; 3 ml. 
of a solution of 0*02 g. of a-benzildioximo in 95 ml. 
of 90% alcohol and 5 ml. of ammonia (p 0*880) 
are added. In the presence of nickel a character¬ 
istic pink colour is developed, and this may be 
matched against standard nickel solutions 
treated similarly to determine the amount of 
nickel in the oil. 

Sulphur is sometimes found in oils prepared 
by extraction with carbon disulphide. It may 
be detected by saponifying a small quantity of 
the sample and adding a small quantity of an 
alkaline solution of a load salt; a brown colour 
is obtained in the presence of sulphur. 

Total Fatty Matter and Saponifiable 
Fatty Matter 

The proportion of total fatty matter in an 
oil or fat is obtained by subtracting from 100 
the sum of the, percentages of moisture or water, 
ash, and organic dirt. 

The proportion of saponifiable matter is 
obtained by subtracting from 100 the sum of the 
percentages of moisture or water, ash, organic 
dirt, and unsaponiliablc matter. 

In arriving at either figure all determinations 
are made upon Iho sample without preliminary 
filtration. 

Refining Tests. 

The American Oil Chemists Society and the^ 
American Clicmical Society publish standard 
and tentative methods for the examination of 
soaps and oils which are revised annually, 
details of the revisions appearing from time to 
time in “ Oil and Soap.” Amongst the tests 
dealt with arc tests for the loss ociuirring during 
the refilling of various oils. For full details of 
these tests the standard methods should bo con¬ 
sulted, but it may be said briefly that such tests 
are designed to measure the weight of oil 
recovered w hen the oil is treated in a standard- 
i ised procedure with caustic alkali, which removes 
free fatty acids and impurities, and causes some 
loss of oil. The tests make provision for noting 
the colour of the refined oils produced and also 
their flavour and content of free fatty acid. 

CHEMICAL TESTS. 

Molecular Size. 

The Saponification Value, defined as the 
number of milligrams of potassium hydroxide 
required to saponify 1 g. of the fat completely, 
and the Saponification Equivalent, defined as 
the number of grams of fat saponified by 56*1 
mg. of potassium hydroxide, give in general an 
indication of the mean molecular magnitude of 
the esters present. They are determined by 
weighing accurately about 2 g. of the fat into 
a 200 ml. conical flask, adding 26 ml. of approxi¬ 
mately 0*6n. alcoholic potassium hydroxide 
solution, and heating the flask and contents 
under reflux condenser in a boiling-water bath 
for 30 minutes. The flask must be well shaken 
at intervals during the heating period to mix 
the contents thoroughly. A second flask con¬ 
taining only 26 ml. of the alcoholic alkali is 
similarly treated at the same time. After 30 
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minutoH, the flasks are removed from their con¬ 
densers and from the water bath, 20 drops of a 
1 % alcoholic solution of phonolphthalein are 
added to each, and the (contents are titrated 
with 0-5 n. hydrochloric acid, while still hot. 
The saponification value is obtained by multi¬ 
plying the difference between the two titrations 
by 28*05 and dividing by the weight in grams 
of fat taken. The saponification equivalent is 
obtained by dividing 56,100 by the saponifi¬ 
cation value. 

The 0*5 n. hydrochloric acid should bo carefully 
standardised; the 0*5 n. alkali solution is pre¬ 
pared by dissolving 17-20 g. of potassium | 
hydroxide, preferably in pellet form, of reagent 
quality, in the smallest possible quantity of 
water and making the solution up to about 
500 ml. with 95% w/v alcohol. The solution 
is allowed to stand overnight and decanted 
from any sediment befoie use. The alcohol 
used in its preparation is preferably purified 
from industrial spirit by refluxing this with 2% 
of its weight of a fatty oil such as arachis oil and 
5% of solid sodium hydroxide for 1 hour, and 
then distilling, the first and last few millilitres 
of distillate being rejected. 

Certain fats are more easily saponified than 
others, and partic'ular care is necessary with 
some to ensure complete saponification, extra 
shaking being given in such cases. In dealing 
with waxes it is generally necessary to employ 
a solution of sodium in alcohol in place of the 
above alcoholic alkali and this may need to be 
N. or 2n. in strength. 

Unsatukation. 

The Iodine Value is a measure of the degree 
of unsaturation of a fat, and is determined by 
measuring the amount of halogen absorbed by 
the fat from various solutions; it is expressed 
in terms of the weight in grams of iodine ab¬ 
sorbed per 100 g. of fat. A number of different 
methods have been proposed for the determina¬ 
tion ; in some a complete saturation of the 
double bonds present is achieved, in others only 
fractional saturation is aimed at. For approxi¬ 
mately complete saturation the methods usually 
employed are those of Wijs, Hanus, and Rosen- 
mund-Kuhnhonn, the more cumbersome and 
older method of Hubl being now superseded. 
Also of note are the Toms bromine-vapour 
method and the thiocyanogen method of Kauf- 
mann; thiocyanogen combines quantitatively 
with the double bond of oleic acid, approximately 
with one of the two double bonds of finoleic acid, 
and with rather less than two of the three of 
linolenic acid. 

The Wijs Method depends on the absorption 
of halogen by the fat from an acetic acid solution 
of iodine monochloride. This solution may bo 
prepared either by dissolving 8 g. of I Cl in 450 
ml. of acetic acid and 8*7 g. of iodine in a second 
450 ml. of the acid, mixing the solutions, diluting 
to 1 1. with the acid, heating the product to- 
100 °o. for 20 minutes and cooling, or by dis¬ 
solving 12*7 g. of iodine in 1 1. of acetic acid, 
determining the halogen content by titration of 
10 ml. with standard sodium thiosulphate solu¬ 
tion after the addition of water and excess 
potassium iodide solution, and passing a stream 
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of dry chlorine into the iodine solution until the 
halogen content as determined by further titra¬ 
tion has been doubled, heating the product to 
100°c. for 20 minutes and cooling. In either 
case the acetic acid used must bo glacial acid, 
containing not less than 99% of acetic acid, and 
of such quality that a permanent pink colour is 
produced when 0*2 ml. of 0*1n. potassium 
permanganate solution is added to 50 ml. 
For the determination, a weight of fat is taken 
which will absorb not more than 30% of the 
halogen used (J. J. A. Wijs, Analyst, 1929, 54, 
14); this is weighed into a clean, dry, narrow- 
nocked bottle of about 600 ml. capacity, pro¬ 
vided with a stopj^er. 50 ml. of the I Cl 
solution are added and the bottle is closed with 
the stopper previously moistened with a drop 
of 10% potassium iodide solution. The bottle 
is allowed to stand in the dark for 1 hour at 
15-20°c. and 20 ml. of 10% potassium iodide 
solution are then added to the contents, followed 
by 150 ml. of water, the contents shaken and 
titrated with 0*1n. sodium thiosulphate solution 
accui*ately standardised, starch being used as 
indicator. A blank determination, under the 
same conditions without the fat, is conducted 
at the same time. The iodine value is obtained 
by multipl 3 ing the difference between the blank 
and test titrations by 1-269 and dividing by the 
weight in grams of fat taken. In the British 
Fharmacopceia modification of the test (B.F. 
1932, p. 578) the time of standing is 30 minutes 
and not 1 hour. A recent modification of the 
test by H. D. Hoffman and 0. E. Green (Oil and 
Soap, 1939, 16, 236) claims that the addition of 
10 ml. of 2*5% mercuric acetate solution in 
glacial acetic acid to the test mixture induces 
complete absorption of halogen in 3 minutes. 

In the Hanus Method iodine cliloride is 
replaced by iodine monobromide, and the 
necessary solution is prepared by dissolving 
together 13 g. of iodine and 8 g. of bromine in 
glacial acetic acid and making the solution up 
to I 1. with glacial acetic acid. The fat used 
in the test should absorb not more than half of 
the halogen added. The test leads to results 
which arc in general slightly liigher than those 
of the Wijs method, expecially with highly un¬ 
saturated oils. 

In the Hub! Method the halogenating solu¬ 
tions are (1) a 5% solution of iodine in 95% 
alcohol, and (2) a 6% solution of mercuric 
chloride in 95% alcohol. 8-15 hours are re¬ 
quired for complete absorption from a mixture 
of equal volumes of the two solutions. 

The Rosenmund-Kuhnhenn Method (Z. 
Unters. Nahr.- u. Genussm, 1923, 46, 154) em¬ 
ploys pyridine sulphate bromide as the active 
agent and in this reagent the pyridine sulphate 
appears to make the action of the bromine con¬ 
siderably more gentle than that of free bromine, 
and indeed* than that of iodine monochloride. 
Thus the method can be used with advantage 
for determining the unsaturation of sterols and 
unsaponifiable matter (E. R. Bolton and K. A. 
Williams, Analyst, 1930, 66, 5) where the Wijs 
method gives erratic results. 

H. Toms {ibid. 1928, 63, 69) describes a 
method (Bromine Value) in which films of 
oil spread on microscope slides are exposed at 
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room temperature to bromine vapour for 20-30 
minutes. The excess of bromine dissolved by 
the oil is removed in a current of warm air and 
the percentage increase in weight of the oil is 
calculated in terms of iodine. The method leads 
to characteristic wrinkling of the films of certain 
oils, and has been used in an investigation of the 
composition of lung oil by E. K. Bolton and 
K. A. Williams {ibid. 1030, 55, 3C3). The iodine 
value of tung oil pnisonts difficulty in its deter¬ 
mination owing to the anomalous absorption of 
halogen by systems of conjugated double bonds 
present in notable proportion in the elocostearic 
acid combined in the oil. The recognition of this 
difficulty, which causes the iodine value as 
obtained in the usual Wijs manner described 
above to approximate to only two-thirds of the 
theoretical full absorption and to bo rather 
indefinite, led A. C. Chapman {ibid. 1912, 37, 
543) to suggest the use of three times as much 
Wijs reagent as usual and to extend the time of 
absorption to 3 hours. This method leads to an 
empirical figure which does not approach the 
full absorption, and is now little used. Figures 
approximating closely to absorption by all thrc'O 
of the double bonds of ela'-ostearic acid are given 
by the bromine method of H. Toms {ibid. 1928, 
53, 69); and methods by which the figure 
obtaincci is limited to the ecpnvalent of absorp¬ 
tion at two of those bonds are given by E. II. 
Bolton and K. A. Williams {ibid, 1930, 55, 360; 
Oil and ISoap, 1938, 15, 315) and by J. D. Von 
Mikusch {ibid, 1938, 15, 186). In these the 
iodine value is obtained by the Wijs method 
after two different times of absorption and an 
“ instantaneous ” iodine value is calculated by 
extrapolation to zero time. 

The Thiocyanogen Value, first proposed by 
H. P. Kaufmann in 1925 (Arch. Phann. 1925, 
263, 675) has been the subject of much investi¬ 
gation, and the following papers should be con¬ 
sulted ; H. P. Kaufmann { 8 eifens.-Ztg. 1928, 
55, No. 35), H. P. Kaufmann and M. Keller (Z. 
angew. Chem. 1929, 42, 20, 73), H. P. Kaufmann 
and C. Lautenberg (Ber. 1929, 62 [B], 392), 
W. Kimura (J, Soc. Chom. Ind. Japan, 1930, 33, 
262B), H. N. Sher and R. H. Coysh (Analyst, 
1939, 64, 814), T. P. Hilditch and K. S. Murti 
{ibid, 1940, 65, 437). The following is an abstract 
of the last-named authors’ method: All ap¬ 
paratus is carefully dried before use. Glacial 
acetic acid and acetic anhydride are mixed in 
the proportion of 9:1 vol. and allowed to stand 
for at least a week. 12*5 g. of lead thio¬ 
cyanate, well dried over phosphorus pentoxide, 
is weighed into a brown reagent bottle, 500 ml. 
of the anhydrous acetic acid are added,, and the 
mixture kept as long as possible before use. 
1-5 ml. of pure, dry bromine are added, the mix¬ 
ture shaken for 1 hour, and filtered through two 
thicknesses df oven-dried filter paper to yield a 
clear and colourless or slightly yellow solution. 
Between 0*1 and 0*14 g. of the oil (the exact 
quantity being chosen to leave a 100 % excess of 
SCN) are weighed into a 250 ml. stoppered 
flask, and 20-26 ml. of the reagent pipetted in. 
The fh^sk is closed and allowed to stand for 
6-16 hours at 20®c. (It would appear from these 
authors’ results that 16 hourfii’ standing is suffi¬ 
cient, and that no harm arises from prolonging 
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the time to this extent in any case.) A blank 
test is conducted alongside the determination. 
After standing, the reaction mixture is poured 
into 10 ml. of 10 % potassium iodide solution, 
the flask rinsed with potassium iodide solution 
and water and the whole titrated with 0 05 
N. thiosulphate solution. It may be noted that 
both T. P. Hilditch ® (p. 52) and K. A. Williams 
(unpublished) prefer to add the potassium iodide 
solution and water to the reaction flask before the 
titration. The thiocyanogen value is calculated 
from the titrations in terms of the equivalent 
amount of iodine absorbed per 100 g. of oil. 
Hilditch and Murti and other authors recom¬ 
mend the use of the values 96 for linoleic acid 
and 166 for linolenic acid in calculations made 
from thiocyanogen values. 

The proposal of a O-In. solution of bromine 
in methyl alcohol saturated with sodium 
bromide (stabilising agent) may be noted; this 
was made by 11. P. Kaufmann and E. Hansen- 
Schmidt (Arch. Pharm. 1925, 263, 32). 

Since maleic anhydride reacts quantitatively 
with conjugated double bonds, its use for their 
determination has been proposed by B. A. Ellis 
and R. A. Jones (Analyst, 1936, 61, 812) (Maleic 
Anhydride Value) and by 11. P. Kaufmann 
and J. Baltes (Fette u. Seifen, 1936, 43, 93) 
(Diene Value) and these methods are applied 
especially to tung and oiticica oils. Ellis and 
Jones reflux together for 3 hours 3 g. of the oil 
and 25 ml. of a fresh 6 % solution of maleic 
anhydride in toluene in apparatus fitted with 
ground-glass joints; pumice powder is used to 
prevent bumping. After cooling, 5 ml. of ether 
are added through the condenser followed by 
20 ml. of water. The contents are then poured 
into a separator, and the rinsings of the flask with 
20 ml. of other and 25 ml. of water added. The 
separator is shaken and tlu^ contents allowed to 
separate. The aqueous layer is removed, the 
upper fiquid extracted further with 25 ml. and 
10 ml. of w^ater, and the w ashings combined and 
titrated with N. sodium- hydroxide solution to 
phcnolphthalein. The maleic anhydride value 
(M.A.V.) is given by multiplying the difference 
between the titration and a blank titration, 
similarly obtained, by 12*692 and dividing by the 
weight in grams of oil used. Each conjugated 
set of bonds gives a M.A.V. almost identical with 
the iodine value of a single double bond in a 
compound of equal molecular weight. Further 
references to later work on the method are given 
by T. P. Hilditch ^ (p. 97). 

Insoluble Bromine Compounds are formed 
by linolenic acid in ether solution, and by 
linoleic acid in light petroleum. These are used 
to characterise and determine linolenic acid in 
such oils as linseed oil and in the investigation 
of the composition of many oils containing both 
acids. The reaction is applied in a variety of 
ways both qualitatively and quantitatively, the 
quantitative aspects being under review in 1939 
by the International Commission for the Study 
of Fats. 

K. Hazura (Monatsh. 1888, 9, 180 et seq,) 
described the bromine compounds of various 
fatty acids. O. Hehner and C. A. Mitchell, deal¬ 
ing with these (Analyst, 1898, 23, 310), put for¬ 
ward methods for sepA-rating hexabrdmides of 
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m.p. 18()-181°c. quantitatively from the fatty 
acids of linseed and other oils, and of insoluble 
bromides from oils; they describe the character¬ 
istic appearance of several of these. G. Hal- 
phen (p. 192) (J. Pharin, Chim. 1901, [viii], 
14, 359) modified the brominating agent and 
produced a qualitative test described by E. K. 
Bolton ® (p. 54) thus: In a small dry test-tube 
are placed 0-5 ml. of the oil and to this arc 
added 10 ml. of a mixture of 28 parts by volume 
of glacial acetic acid, 1 part of bromine and 
4 parts of nitrobenzene. The tube is then 
closed, the contents shaken, and the behaviour 
of the liquid noted. Such non-drying oils as 
coconut products, olive, castor, araehis, cotton, 
sesame, poppyseed, etc., give no precipitate 
or only a very slight turbidity, even after 
standing for 1 hour. The drying oils, such as 
linseed, rubber-seed, hemp-seed, etc., and marine- 
animal and fish oils, such as whale oil, Japanese 
sardine-oil, etc., give a precipitate wdiich settles 
more or less rapidly. Bape oil is distinguished 
by forming a turbidity, and the liquid separates 
on standing into two distinct layers, but resolves 
into a clear homogeneous liquid on mixing with 
an equal volume of ether. Tung oil gives no 
precipitate. 

Hehner and Mitchell’s quantitative method 
for the determination of the insoluble bromides 
from tlio fatty acids of an oil has been studied 
by a number of workers and may be applied in 
the form of a modification of a method of 
Gemmel (Analyst, 1914, 39, 297) described by 
E. 11. Bolton 3 (p. 56). 1 g. of the dry 

fatty acids prepared from the oil wdth due care 
against oxidation is dissolved in 20 ml. of dry 
ether in a stoppered flask and the solution is 
cooled to 0°c. Bromine is added drop by drop 
slowly until a permanent reddish colour is 
formed. The flask is kept in ice water during 
the addition to prevent rise in temperature, and 
is then kept at 0°c. for at least 4 hours. The 
liquid is decanted, the crystals transferred to a 
suitable tube and centrifuged. After again 
decanting the liquid, fresh chilled ether is added, 
the crystals stirred with a weighed rod, and the 
tube again centrifuged. The process is repeated 
a third time, and the crystals are then transferred 
to a tared filter paper by means of a further por¬ 
tion of chilled ether, and dried to constant weight, 
and the percentage of insoluble bromides is cal¬ 
culated. The melting-point should be deter¬ 
mined. The bromides so produced are either 
hexabromidos from linolenic acid of m.p. 180- 
181°c. or octabromides from more unsaturated 
acids such as clupanodonic and arachidonic 
acid, which do not melt but blacken at tempera¬ 
tures over 180°c. The proportion of bromine in 
the bromides may be determined by decom¬ 
posing a known weight with a solution of sodium 
in alcohol and determining the bromine in the 
sodium bromide formed. An estimate of the 
relative proportions of hexa- and octa-bromides 
present may thus be formed. 

Acidity. 

The acidity of an oil or fat is expressed in 
terms of its acid value, defined as the number 
of milhgrams of potassium hydroxide required 
to neutralise the free fatty-acid in 1 g., or in 
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terms of the percentage of free fatty-acid present 
calculated as either lauric acid, in the case of 
crude oils of the coconut group, palmitic acid, in 
the case of crude palm oil, or oleic acid in the 
case of all other crude oils and fats and of all 
refined oils and fats. 

Both Acid Value and Percentage of Free 
Fatty Acid are determined in general by the 
following method: The material is filtered 
through paper to remove water and dirt; 10 g., 
or a quantity suflScient to give a titration of not 
more than 10 ml., are weighed into a flask, and 
50 ml. of alcohol (industrial spirit) at 70°c., 
just previously neutralised at 70*^0. to phenol- 
phthalein, are added. The contents of the flask 
are shaken with a swirUng motion to cause the 
alcohol to extract the free acid, and arc titrated 
while still hot with 0-1 n. sodium hydroxide 
solution to phenolphthalein, mixing of the 
I liquids being vigorously maintained during 
I titration. The acid value is obtained by multi¬ 
plying the titration by 5-61 and dividing by the 
[ weight of fat used. The percentage of free fatty 
acid is obtained by dividing the titration in 
millilitres by the w'cight in grams of ffit used 
and multiplying the result by a factor; the 
latter is 2-82 for oleic acid, 2-56 for palmitic* 
acid, and 2 ()() for lauric acid. 

In the case of bodied oils such as boiled linseed 
oil or of stand oils or tung oils it is preferable to 
dissolve 10 g. of the oil in 25 ml. of neutral 
benzene, add 50 ml. of cold alcohol, neutralised 
to phenolphthalein in the cold, and then con- 
du(;t the titration in the cold. This forms the 
basis of the British Standard method for the 
determination, e.j/., in B.S. No. 653, 1936. In 
the internationally agreed method of the Inter¬ 
national Commission, 150 ml. of a mixture of 
equal parts of 95% alcohol and ether are used 
similarly (IkS. No. 684, 1936). All three 

methods lead to the same results in most cases. 

In cases where the actual percentage of free 
fatty acids by weight is required, as for instance 
in certain acid oils, the following method may 
be used; it is a modification of one due to G. S. 
Jamieson and W. F. Baughman (Official Monthly 
Bulletin Interstate Cotton Seed Crushers Associ¬ 
ation, Chemists’ Section, August, 1922, p. 33). 

Weigh 10 g. of the crude oil, or 2 g. of acid oil, 
into a separating funnel and add 50 ml. of light 
petroleum (b.p. 40-60°oJ; mix well. Add 10 
ml. of 14% potassium hydroxide solution, 
stopper, and shake vigorously for 3 minutes. 
Add 25 ml. of 50% alcohol (v/v) and again shake 
for 15 or 20 seconds. Allow to stand until the 
mixture separates to two layers. Without delay 
draw off the lower layer to a second separator 
and shake with 20 ml. of light petroleum. Draw 
off the lower layer, after separation, to a third 
separator, and transfer the uppei;^ layer to the 
first funnel. Again wash the aqueous-alcoholic 
solution with 20 ml. of light petroleum and add 
the petroleum to the first separator. Wash the 
contents of this twice with 16 ml. portions of 
60% alcohol and add the washings to ‘the 
alkaline extract. Transfer the combined ex¬ 
tracts to a separating funnel, add an excess of 
hydrochloric acid*200 ml. of water, and 90 ml. 
of ether. Shake imtil soaps have decomposed 
and the liberated fatty acids dissolve. Draw 



OILS (FATTY) AND FATS, 

off the lower layer, transfer the upper to a fresh 
funnel, return the lovVfer layer to its funnel, and 
again extract with ether. Combine the ether 
extracts and wash them once with water. 
Transfer them to a weighed flask, evaporate, 
dry in the oven for a short time and weigh. 

Un SAPONIFIABLE MATTER. 

The term unsaponifiable matter has generally 
been taken to indicate that fraction of a fat 
which docs not combine with caustic alkali and 
is not hydrolysed thereby, but which is soliibk*. 
in ether or light petroleum. Various methods 
have been proposed from time to time for its 
determination in oils and fats and it may be 
noted that many of these lead to most erroneous 
results. Amongst the now-discarded methods 
may be mentioned one in which the material 
recovered consists of the fraction not extractable 
from a carbon tetrachloride solution of the fat 
by sulphuric acid, and one in which a dried and 
pow'dered soap prepared from the fat is extracted 
with ether. The available methods were reviewed 
by a Sub-committee of the Analytical Methods 
Committee of the Society of l^ublic Analysts 
and Other Analytical Chemists (S.P.A.) in 
33 and as a result the Sub-committee developed 
a method which was in advance of any other 
when published, and still remains so. This 
method is very similar to that of the British 
Fharmacopmia 1932 which was largely based 
on it; and it has been adopted in ail British 
Standards in which a rcquiroueiit is made for 
a limited unsaponifiable matter content. Its 
accuracy and reliability appear to be amply 
confirmed in an exhaustive review made by 
G. Kirsten (J. Assoc. Off. Agric. Chem. 1942, 
25, 728) in w^hich comparison was made with 
the official F.A.C, method (Methods of Analysis 
of the A.O.A.C., 1940, p. 438), the continuous 
extraction method of Rogers (Oil and Soap, 
1939, 16, 127), the modified Kerr-Sorber method 
(J. Assoc. Off. Agric. Chem. 1926, 9, 247), and 
that of G. S. Jamieson {op. cit., p. 340). 

The S.P.A. method and the account of its 
development appear in the Sub-committee’s 
Report No. 1 (Analyst, 1933, 58, 203) which 
makes it clear that the method Avas developed : 
by the Sub-committee largely from that of E. R.! 
Bolton and K. A. Williams {ibid. 1932, 57, 25), 
this being itself developed from an earlier 
method of the same authors {ibid. 1930, 55, 5). 

In the report, unsaponifiable matter is defined 
as “ that material present in oils and fats which, 
after saponification of the oil or fat by caustic 
alkali and extraction by the solvent specified 
(under the conditions detailed in the description 
of the method given later in this report), remains j 
non-volatile on drying at 80°c.” The method is j 
abstracted as follows in various British Stan¬ 
dards, e.g., B.S. No. 653, 1936; the original 
report should be consulted for further details 
where required. “ Weigh accurately 2 (>-2*5 g. 
of the oil into a 250 ml. flask and add 26 ml. of 
approximately, but not weaker than, 0-6 n. 
alcoholio potassium hydroxide. The alkali shall 
not be darker than a pale straw colour. Attach 
the flask and contente to a reflux condenser and 
heat on a boiling-water bath for 1 hour, with 
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occasional swirling to ensure complete saponifi¬ 
cation. 

“ Remove the flask from the bath, detach the 
condenser and transfer the contents of the flask 
to a 250 ml. separating funnel, washing in with 
50 ml. of water in all. Rinse the flask with 
50 ml. of ethyl ether {p 0-720-0-724) and pour 
the ether into the funnel. Stopper the flask 
and shake vigorously while the contents are 
still slightly warm and allow the funnel to 
stand until the two layers of liquid separate 
and clarify. Draw off the aqueous alcoholic 
layer into the flask used for the saponification 
and pour the ethereal layer from the top of the 
fmmel into a second 250 ml. separating funnel 
containing 20 ml. of water. Extract the 
aqueous alcoholic solution twice more, each time 
with 50 ml. of other in the same manner, and 
combine the three extracts in the second funnel. 
If the extracts contain solid suspended matter 
pass them through a small dry fat-free filter 
into the second sejiarating funnel, washing the 
filter subsequently with ether. 

“ Rotate the extracts gently in the second 
funnel without violent shaking with the 20 ml. 
of water and, after allowing to separate, run off 
the wash water. 

“ Wash the ethereal solution twice with 20 ml. 
of water, shaking vigorously on each occasion. 
Then successively wash with 20 ml. of aqueous 
0*5n. potassium hydroxide, 20 ml. water, 20 ml. 
0'5n. potassium hydroxide, and at least twice 
more w ith 20 ml. w\ater. Continue washing with 
water until the wash w ater no longer turns pink 
with phenolphthalein. 

“ Transfer the ethereal solution to a weighed 
flask and evaporate to small bulk. Add 2-3 ml. 
of acetone and completely remove the solvent 
from the flask by moans of a gentle current of 
air, the flask being almost entirely immersed, 
held obliquely, and rotated in a boiling w'ater 
bath. Dry the flask and contents to constant 
weight at a temperature not exceeding 80"c\ 

“ Dissolve the contents in 10 ml. of freshly 
boiled and neutralised 95% alcohol and titrate 
with 0 * 1 n. alcoholic sodium hydroxide, phenol¬ 
phthalein being used as indicator. 

“ If the titration so obtained does not exceed 
0-1 ml., calculate the proportion of unsaponifi- 
ablc matter in the oil from the weight of the 
residue by dividing this by the weight of oil 
taken and multiply by 100 , but if the titration 
exceeds 01 ml. the test shall be repeated from 
the bc^ginning.” 

It may be noted that the various quantities of 
water and reagents have been carefully chosen 
and must be strictly adhered to. The ratio of 
water to alcohol to soap in the solution extracted 
has been chosen to give maximum ease of extrac¬ 
tion by other, and alteration of this ratio leads 
to incomiJete extraction. This is exemplified 
in a draft method for the determination put 
forward by the Norwegian Standards Association 
(NS, 489: Norsk Hvalfangst-Tidende, 1938, 
p. Ill) which E. R. Bolton and K. A. Williams 
(Analyst, 1938, 63, 662) have shown to lead to 
very low figures, and which Norwegian chemists 
have since agreed privately to be unsatisfactory ; 
the method is stated (privately) to have beeA 
derived from German sources. 
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The unsaponifiable matter separated by the 
S.P.A. Method includes, mter alia^ hydrocarbons 
and higher alcohols and sterols, but is sub* 
stantialJy ffee from free fatty-acids, soaps, 
glycerides, mineral matter, and volatile matter. 
Examination of the unsaponifiable matter has 
been shown to yield useful information in certain 
directions. Thus E. R. Bolton and K. A. 
Williams {ibid. 1930, 55, 5) have used a deter¬ 
mination of the iodine value (l.V.) of the un¬ 
saponifiable by the Rosen mund-Kuhnhenn 
method to classify oils into four groups; the 
first of l.V. 64-70 including animal fats and fats 
of the coconut group; the second of l.V. 90-96 
including fish and marine-animal oils and cocoa 
butter; the third of l.V. 117-124 including 
many if not all the vegetable oils except olive 
oil; and the fourth containing only olive oil 
with an l.V. of ca. 200. Later work has shown 
the classification to be less simple than was at 
first believed ; thus olive oil from various sources 
may yield values approaching 300, and teaseed 
oils having values of 250 are fairly common. 
Nevertheless the method justified itself on its 
introduction by suppressing a widespread adul¬ 
teration of olive oil with teaseed oil that had 
been practised on a large scale for many years. 

Further work on the unsaponifiable matter of 
olive oil by J. C. Drummond and T. Thorbjamar- 
son {ibid. 1935, 60, 23) led to the isolation of 
squalene, present in the unsaponifiable matter 
to the extent of 31-64%; and this work indi¬ 
cates a satisfactory method for the separation 
of hydrocarbons from an oil. The method is 
one of chromatographic adsorption and consists 
in dissolving the unsaponifiable matter in a 
mixture of 90 parts of light petroleum (b.p. 
40-60"'c.) and 10 parts of benzene and passing 
the solution slowly through a column about 8 in. 
high of specially prepared aluminium oxide. 
The column develops distinct coloured zones 
when it is washed with a considerable quantity 
of the solvent mixture or with light petroleum, 
and each zone represents the part where a 
different set of compounds is adsorbed. All the 
unsaponifiable matter except hydrocarbons 
soluble in petroleum remain in the column, and 
the hydrocarbons can be recovered from the 
wash liquors for identification and estimation. 

A modification of the method has been applied 
to the detection of fuel oil in w hale oil by E. R. 
Bolton and K. A. Williams {ibid. 1938, 63, 84) 
and is likely to find further extended use in 
analysis. 

Animal aftd vegetable oils are differentiated 
by the type of sterols they contain, and much 
attention has been given to the separation of 
cholesterol and phytosterol and the subsequent 
formation of their acetates and determination of 
the melting-point thereof as a means of dis¬ 
tinguishing these two classes of products and of 
determining the amounts of each in admixture. 

The Sterol Acetate Test is best applied 
in the form of a modification reported by 
A. More {ibid, 1929, 54, 735) as devised by Van 
Sillevoldt of Leiden as follows: Saponify 16 g. 
of the filtered fat with 9*6 ml. of potassium 
hydroxide solution (100 g. KOH in 1,400 ml. 
Tt^ater) and 20 ml. of alcohol (96%) in a 300 ml. 
conical flash provided with a reflux condenser. 


Shake while warm until the fat is dissolved, and 
heat further for 30 minutes. Cool, add 10-20 
ml. of digitonin solution (1% in 96% alcohol). 
Allow the mixture to stand for 24 hours in a 
cool place and filter on a Buchner funnel with a 
close-fitting paper. Wash with a small amount 
of alcohol to remove soap. The digitoiiin-sterol 
compound flakes off on drying. Weigh the 
steride and acetylate it with ten times its weight 
of acetic anhydride, and proceed with the 
crystallisation from alcohol (about 95%) as in 
the Bomer method (Z. Untors. Nahr- u. Genussm. 
1901; 1902, 1018) which requires the crystal¬ 
lisation of the sterol acetates at least five times 
from alcohol with determination of the melting- 
point after each crystallisation. Jf the melting- 
point of the crystals after five crystallisations is 
below 115-116°c. the absence of phytosterol can 
be pronounced with certainty. A gradual rise 
of melting-point above 116®c. indicates its 
presence. The method allows the detection of 
quite small amounts of vegetable oil in admixture 
with animal oils, but it is not satisfactory in the 
reverse case. Indeed, though at first melting- 
points below 125°c. were taken to indicate the 
presence of animal oil, it has been shown by 
D. W. Steuart (Analyst, 1923, 48, 116) that 
m.p. of 122°c. and oven lower may be quite 
normal for certain pure vegetable oils. It may 
also Ih) notcid that comparatively large additions 
of animal oil to vegetable oil having a sterol 
acetate of m.p. 127^u. can bo made before the 
melting-2)oint falls appreciably. 

Hydroxy-acius. 

Very few oils contain notable (juantities of 
hydroxy-acids, but castor oil is an exception, 
and a determination of these compounds by 
means of the acetyl value is an important item 
in the analysis of the oil. 

The British Standard for the determination 
(B.S. No. 650, 1936) is as follows : Boil 10-20 g. 
of the oil with twice its weight of acetic an¬ 
hydride (b.p. 137-139°o.) for 2 hours under 
reflux condenser in all-glass apparatus. Pour 
the solution into all. beaker containing 600 ml. 
of hot water and boil the mixture for 30 minutes, 
passing a fine stream of carbon dioxide through 
the liquid all the time. Allow the mixture to 
separate to two layers; siphon off the water. 
Repeat the heating of the oily layer with a 
further 500 ml. of w ater and the separation of 
the oil three times more to remove all acetic 
acid. Filter the acotylatod oil through dry 
paper until free from water; if necessary use 
anhydrous sodium sul2)hate to assist the drying. 

Saponify 6 g. of the acetylated oil with 60 ml. 
of 0*6n. alcoholic potassium hydroxide (ac¬ 
curately standardised) as in the determination 
of a saponification value; distil off the alcohol 
on a boiling-water bath and dissolve the soap 
in water. Add to the solution 0-6 n. sulphuric 
acid in exactly the quantity equivalent to the 
alcoholic potassium hydroxide employed, and 
gently warm until the fatty acids separate com¬ 
pletely as an oily layer. Filter and wash with 
boiling water until the washings are no longer 
acid and titrate filtrate and washings with 0*1 
N. alkali. A slight excess of 0‘6 n. sulphuric 
acid, say 1*6 ml., may be used if difficulty is 
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experienced in obtaining separation, and if this 
is done the excess must be allowed for in the 
final titration. 

Treat 6 g. of the original oil in the manner 
described above, starting with saponification 
with 60 ml. of 0*6n. alcoholic alkali. Then 
the acetyl value is given by multiplying the 
difference between the final titrations for the 
acetylated and nonaoetylatcd oils by 5-61 and 
dividing by 6. 

It will be seen that the acetyl value as deter¬ 
mined by this method corresponds to the defini¬ 
tion : the acetyl value is the number of milli¬ 
grams of potassium hydroxide required for the 
neutralisation of the acetic acid obtained upon 
the saponification of 1 g. of the acetylated oil. 
Other definitions have been proposed, and men¬ 
tion may be made of that of E. S. West, C. L. 
Hoagland, and G. H. Curtis (J. Biol. Chem. 1934, 
104 , 627) namely that the acetyl value should 
be the number of milligrams of acetyl taken up 
by 1 g. of the oil. These authors {ibid.) propose 
a method for the determination as follows: 
The oil is treated with a measured quantity of a 
mixture of acetic anhydride (1 vol.) and pyridine 
(7 vol.), the excess of anhydride is decomposed 
with hot water, and the acidity is titrated with 
standard alcohoho sodium hydroxide after 
addition of sufficient butyl alcohol to form a 
homogeneous solution. The acetyl value is cal¬ 
culated from the difference between this titra- 
Xion and a blank. 

Fatty Acid Sepabations. 

Information is gained regarding the com¬ 
position of fats and mixtures of fats by separa¬ 
tion of their fatty acids into groups; thus by 
the separation of lead salts into fractions soluble 
and insoluble in organic solvents, fractions con- 
isisting of solid and liquid fatty acids are ob¬ 
tained ; the solid fatty acids, including isooleic 
acid formed on hydrogenation, may have their 
iodine value determined to provide information 
regarding the hydrogenated oil, whilst the iodine 
value of the liquid fatty acids is also of im¬ 
portance. The empirical Reichert-Polensko- 
Kirschner process separates volatile fatty acids 
from the total fatty acids and is used in the 
analysis of butter fat and fats of the coconut 
and myristica groups. The Ave-Lallemant 
method has some use in the analysis of butter 
and depends on the separation of soluble barium 
salts of fatty acids. Aracliidic acid is separated 
in crude form by the Evers tests and cha¬ 
racterises arachis oil, while separation of the 
insoluble bromides is used in dealing with drymg 
oils. For complete separation of the fatty acids 
in fats use of the Hilditch modification of the 
Ester Fractionation Test is made. 

The Lead-salt Separation may be made 
with either ether or alcohol as solvent, and in 
late years the latter solvent has been widely 
used. However, the liquid fraction is not usually 
xecovered in this method, and certain advantages 
elaimed appear to be based on a fellacy; conse¬ 
quently K. A. Williams recommends the follow¬ 
ing hitbierto unpublished modification of the 
'eth.er sepatation process as the most satisfactory 
anelliod. 

Between 2 and 2*6 g. of the fat are weighed 
Yon. IX.—**6 


into a 260-ml. conical flask, 25 ml. of a 0*5 N. 
alcoholic potassium hydroxide solution are 
added and the fat is saponified as in the deter¬ 
mination of the saponification value. The liquid 
is neutralised to phenolphthalein with glacial 
acetic acid added drop by drop, and if necessary 
a few drops of the alcoholic alkali are added tO 
render the liquid just pink. The solution is 
evaporated as nearly as possible to dryness on a 
boiling-water bath, and the soap is dissolved 
in 50 ml. of hot water. An excess of a 10% 
solution of lead acetate in water is added, the 
presence of excess being judged by the dis¬ 
appearance of the pink colour of the phenol¬ 
phthalein added for the previous neutrahsatioii, 
which has incidentally deepened during the 
evaporation. The flask and contents are now 
heated in a boiling-water bath until the lead salts 
melt somewhat and adhere to the sides of the 
flask. The flask is removed from the bath and 
allowed to cool until the lead salts congeal. The 
aqueous liquid is poured off through a filter and 
the contents of the flask arc washed with hot 
water. Any lead salts transferred to the filter 
are brought together by means of a jet of boiling 
water, allowed to cool and congeal, and arc 
transferred back to the flask. The flask is 
drained of water, and when cool may safely bo 
shaken to remove as much as possible; this 
removal is of primary importance, as water inter¬ 
feres with the subsequent processes. 100 ml. of 
ether are added to the flask,* which is then 
warmed with great caro on a warm-water bath 
to assist the solution of the soluble lead salts. 
When the bulk of the insoluble salts have become 
detached from the sides of the flask, the con¬ 
tents are cooled, and the flask is stoppered and 
allowed to stand for at least 18 hours. It should 
be shaken at intervals, and in general it will be 
found that during this period the insoluble salts 
separate in a powdery condition. If hard fats 
are being dealt with, lumps mav persist, and 
should be broken up with a glass rod. The 
completion of the solution of soluble salts may 
be judged by the supernatant liquid l)ecommg 
clear, initial turbidity disappearing when it is 
achieved. The contents of the flask are then 
filtered, the filtrate being caught in a 600-ml. 
separating funnel. The filter must at this stage 
be covered with a glass to minimise evaporation. 
Tho insoluble salts are carefully washed with 
ether, particular care being paid to the rim of 
the paper. When washed they are transferred 
quantitatively to a second funnel with ether. 
Excess of strong hydrochloric acid is added to 
each funnel, and each is shaken to cause com¬ 
plete decomposition of the salts. A large excess 
of water is then added to each, and the funnels are 
shaken and allowed to stand for the contents to 
separate. The aqueous layer is drawn off from 
each, and the ether layers are washed with water 
imtil all lead chloride has been removed. The 
ethereal solutions of tho fatty acids so produced 
are transferred quantitatively to small flasks, 
evaporated, dried preferably in inert gas, and 
weighed. The iodine value of the solid acids is 
determined. The proportions of saturated acids, 
isooleic acid, and hquid acids are calculated as 
j follows, allowance being made here for the slight 
solubility of lead tVooleate in ether, and for the 
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impossibility of completely removing soluble 
lead salts from insoluble ones. These two factors 
are standardised in the determination and cal¬ 
culation, in which it is assumed that the fat 
under consideration is substantially neutral. 

First obtain the percentage of total fatty acids 
combined in the fat by subtrac'ting 12*7 from the 
saponification equivalent and dividing the result 
by the saponification equivalent. Compare this 
figure with the sum of the weights of solid and 
liquids acids recovered divided by the weight of 
fat taken and multiplied by 100. Provided the 
figures agree reasonably well, calculate the per¬ 
centage of solid acids (uiicorrected) and of lifjuid 
acids (uncorrected) from the weights of each 
recovered and the total weight of fatty a(‘itls 
recovered. Let these percentages be respeo 
tively S and L. Let Is be the iodine value of 
the solid acids; be the iodine value of the 
total fatty acids, obtained by dividing the iodine 
value of the neutral fat by the total percentage 
of fatty acids derived above and multiplying by 
100; W the total weight in grams of fatty acids 
recovered; A" the number of millilitres of ether 
used in separating the two classes of lead salts ; 
// the iodine value (uncorrccted) of the liquid 
fatty acids, calculated by proportion from 
L, and Is. 

Then the percentage of z^ooleic acid present is 
given by: 

/S'-[7^-(100-.V)/15j/90-f0«058A7Tf. 

The percentage of saturated acids is given by : 
aS'{100-[/^-(100~.^)/L5J/00]-(1(H)---.S')/15//. 

The corrected percentage of liquid acids present 
is given by subtracting the sum of the corrected 
percentages of saturated and uooleic acids from 
100. If these liquids acids are known to con¬ 
sist only of linoleic acid and oleic acid, the pro¬ 
portions of the two acids can readily be cal¬ 
culated ; if other unsat mated acids are present 
it is necessary to know which and in what pro¬ 
portion before the requisite calculation can be 
made. 

This method is based on the original one of 
Gusserow (Annalen, 1828, 27, 153) modified by 
Varrentrap {ibid. 1840, 35 , 196). It yields 
results similar to but not identical with those 
of the method proposed by E. Twitchell (J. Ind. 
Eng. Chem. 1921, 13 , 806) employing alcohol as 
solvent. T. P. Hilditch and J. Priestman 
(Analyst, 1931, 56, 354) reviewing the latter 
method note that in general stearic acid is 
practically always absent from the liquid acids; 
palmitic acid is usually absent from them but 
has occasionally been observed in appreciable 
amounts; myristic acid passes to a considerable 
extent into the liquid acids; acids lower than 
myristic give lead salts increasingly more soltible 
in alcohol. Consequently, Twitchell’s method 
gives lower percentages for saturated acids if 
lower acids are present, and it may be observed 
that this criticism applies equally to the ethereal 
method described above. 

A method proposed by Bertram (Z. deut. Oel 
u. Fett Ind. 1925, 45 , 733), in 'which an alkaline 
solution of soaps from 5 g. of fat is oxidised with 
potassium permanganate solution ‘below 25°o. 
to break down unsaturated acids, the product is 
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extractcHi with light petroleum to remove higher 
saturated acids and nonoic acid, and the latter 
is removed from the ammonium salts of the 
mixture as the magnesium salt, has been re¬ 
viewed by T. P. Hilditch and tJ. Priestman 
(Analyst, 1931, 56, 354) who conclude that both 
it and its modifications are subject to the same 
criticism as the Twitchell method. 

The determination of solid unsaturated acids 
by lead-salt separation was reviewed by L. V. 
Cocks, B. C, Christian, and G. Harding {ibid. 
1931, 56, 368) who found tliat the lead salts of 
the solid unsaturated acids produced in hydro¬ 
genation (i 60 ()leic acid) are markedly soluble in 
alcohol but much less soluble in ether and light 
petroleum. They accordingly evolved a method 
using light petroleum for the lead-salt seiparation. 
3-5 g. of freshly prepared fatty acids arc dis¬ 
solved in 50 ml. of 92-93% (by weight) alcohol 
and 3*45 g. lead acetate (if more than 25% solid 
acids are ju'oscnt) or 1 g. (if less) is dissolved in a 
further 50 ml. of similar alcohol. The two solu¬ 
tions are heated to boiling, and the lead acetate 
is poured into the other. After mixing and again 
heating to boiling the solution is allowed to cool 
slowly and kept at 15-20^0. overnight. The 
mixture is stirred and filtered on a lO-crn. 
Buchner funnel. The lead salts on the funnel 
and any in the flask are washed with 100 ml. of 
light petroleum (b.p. 40-60°c.) in 20 ml. portions, 
and the washings are distilled to remove the 
petroleum completely. The residue is dis¬ 
solved by boiling under reflux with 20 ml. of 
alcohol (92-93% by weight) containing 1 drop of 
glacial acetic acid. The solution is allowed to 
crystallise for 3 hours at 15-20'c. The crystals 
are filtered and washed with 20 ml. of the alcohol, 
and they and those first removed on the Buchner 
funnel are decomj^osed by acid and the solid 
acids are recovered. The Liquid acids are also 
recovered. The iodine value of the solid acid 
is determined, and the percentage of solid un¬ 
saturated acids calculated on the assumption 
that such acids have an iodine value of 90, unless 
derived from rape oil, when the figure is 75-5. 
The method has the advantage of avoiding as far 
as jiossible the formation of insoluble lead oleate 
to which attention had been dra'wn by K. A. 
Williams and E. K. Bolton {ibid. 1924, 49, 460). 
These authors employ the determination of iso- 
oleic acid as a means of recognising the presence 
of hydrogenated oils in a fat. 

The Reichert-Polenske-Kirschner Pro¬ 
cess yields figures depending on the amounts 
present of water-soluble volatile fatty acids, of 
water-insoluble volatile fatty acids, and water- 
soluble volatile fatty acids having soluble silver 
salts. These values are used in assessing the 
purity of butter fat and in characterising and 
determining various products of the coconut 
group of fats either alone or in admixture. An 
authoritative description of the process with 
fuller details than had hitherto been collected 
together was published by the Analytical 
Methods Committee of the Society of Public 
Analysts and Other Analytical Chemists {ibid. 
1936, 61 , 404), and this is based on the method 
described by E. Polenske (Z. unters. Nahr.- u. 
Genussm. 1904, 7 , 273), with A. Kirsohner’s ex¬ 
tension {ibid. 1905, 9 , 66) which came into use 
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after the work of C. Eevis and E. R. Bolton 
(Analyst, 1911, 333). The process is an 

empirical one and satisfactory results depend on 
exact adherence to all the experimental details. 

The following description includes all the 
necessary experimental directions of the S.P.A. 
report, from which it has been somcwliat con¬ 
densed. 

Fatty acids liberated from the fat are steam- 
distilled in a still of standard dimensions; 
the correct data for the still and still head, etc., 
appear in the Analyst n'port referred to above 
and are reproduced in Figs. 2 and 3 (by per¬ 
mission) ; it should be noted that incorrect 
dimensions have appeared in certain other 
pubIi(!ations from time to time. 



Weigh 5 g. (tolerance not exceeding 0*01 g.) 
of the fat into a Polenske flask. Add 20 g. of 
glycerol and 2 ml. of concentrated sodium 
hydroxide solution (sodium hydroxide dissolved 
in an equal weight of water and stored in a bottle 
protected from carbon dioxide; the clear upper 
part of the solution is used). If this solution is 
dispensed from a burette the latter must be pro¬ 
tected from carbon dioxide, the nozzle wiped 
clean from carbonate before withdrawal of solu¬ 
tion, and the first few drops rejected. Heat over 
a naked flame, with continuous mixing, until the 
fat, including drops adhering to upper parts of 
the flask, is saponified, and the liquid becomes 
perfectly clear. Cover the mouth of the flask 
with a watch-glass. Make a blank test without 
fat, using the same quantities of reagents and 
following the same procedure, and avoiding over¬ 
heating during the heating with soda (indicated 
by darkening of the solution). 

Measure 93 ml. of boiling distilled water, 
which has been vigorously boiled for 15 minutes, i 


into a 100 ml. graduated cylinder, just previously 
rinsed with boiling distilled w'ater. When the 
soap is sufficiently cool to permit addition of the 
water without loss, but before the soap has 
solidified, add the water to the flask, draining 
the cylinder for 5 seconds, and dissolve the soap. 
If the solution is not clear, or is darker than light 
yellow, the saponification must be repeated on a 
fresh sample of fat. Add 0-1 g, of powdered 
immice (passing a sieve B.S. No. 60 but retained 
on a sieve B.S. No. 90), followed by 50 ml. of 
dilute sulphuric acid solution (of which 40 ml. 
neutralise 2 ml. of the concentrated sodium 
hydroxide solution), and connect the flask at once 
with the distilling apparatus specified. Heat the 
flask, without boiling, until the insoluble acids are 



Ficj. 3.— Still Head for Polenskk 
Distillation Apparatus. 


distil 110 ml. in 19-21 minutes. When the 
distillate reaches the 110-ml. mark, remove the 
flame and replace the 110-ml. flask by a 25-ml. 
cylinder to catch drainings. Close the 110-ml. 
flask with a stopper, and, without mixing, im¬ 
merse it beyond the 110-ml. mark in w^ater at 
15°c. for 10 minutes. Then remove it from the 
water, dry the outside, and invert it carefully, 
avoiding wetting the stopper with the insoluble 
acids. Mix the distillate by four or five double 
inversions without violent shaking. Filter 
through a dry 9-cm. Whatman No. 4 paper, 
fitting snugly into a funnel. Reject the first 
runnings and collect 100 ml. in a dry flask; cork 
the flask, and retain the filtrate for titration for 
the Reichert Value. The filtrate must be free 
from insoluble acids. 

Detach the still head and wash the condenser 
with three succ’essive 16-ml. portions of cold 
distilled water, passing each separately through 
the cylinder, the 110-ml. flask, and the ^ter, 
nearly filling the paper each time, and draining 
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each washing before filtering the next. Discard 
the washings. Dissolve the insoluble acids by 
three similar washings of the condenser, the 
cylinder, and the filter with 15 ml. (portions) of 
neutralised alcohol, collecting the washings in 
the 110-ml. flask, and draining the alcohol after 
each washing. Cork the flask and retain for 
titration for the Polenske Value. 

Reichert Value. —Pour 100 ml. of the fil¬ 
trate containing the soluble volatile acids into 
a dry titration flask, add 0*1 ml. of phonol- 
l^hthalein solution (0-5 g. dissolved in 100 ml. 
of industrial methylated spirit), and titrate with 
0 -1 n. barium hydroxide solution until the 
liquid becomes pink, rinsing the lOO-ml. flask 
with the liquid towards the end of the titration. 
(The baryta solution may be replaced by 0*1 
N. sodium hydroxide solution if the Kirschncr 
Value is not to be determined.) The Reichert 
Value is obtained by multiplying the difference 
between the test and blank titrations'by 1*10. 

Note the actual volume of baryta solution 
used, drain the 100 ml. flask into the titration 
flask, close with a cork, and reserve the solution 
for the Kirschner Value. 

Polenske Value. —Titrate the alcoholic 
solution of the insoluble acids after addition of 
0*25 ml. of the phenolphthalein solution until 
the solution becomes pink. The Polenske Value 
is' obtained by subtracting the blank titration 
from that of the test. 

Kirschner Value. —^Add 0*5 g. of finely 
powdered silver sulphate to the neutralised 
Reichert solution. Allow the flask to stand 
(covered) in the dark for I hour, with occasional 
shaking, and filter the contents through a dry 
filter. Transfer 100 ml. of the filtrate to a dry 
Polenske flask, add 35 ml. of cold distilled water 
(recently boiled for 15 minutes), 10 ml. of the 
dilute sulphuric acid solution, and a loosely- 
wound 5-mm. coil of 30 cm. of aluminium wire 
(S.W.G. 18-20) or 0*1 g. of pumice powder. 
Connect the flask with the standard distilling 
apparatus and distil 110 ml. in 19-21 minutes, 
mix the distillate as before, filter it as before, 
and titrate 100 ml. of the filtrate with 0*1 
N. barium hydroxide solution. Then the Kirsch¬ 
ner Value is obtained by multiplying the differ¬ 
ence between the test and blank titrations by 
1*21 and by (100+a) and dividing by 100, where 
a represents the actual volume in millilitres of 
barium hydroxide solution used in the Reichert 
titration. 

Polenske values and, to a lesser extent, Reichert 
values are affected by barometric pressure, vary¬ 
ing with the pressure. Suitable corrections have 
been given by V. H. Kirkham (ibid, 1920, 44, 
293) and are repeated in the S.P.A. report. 

A semi-micro modification of the method is 
described by B. Dyer, G. Taylor, and J, H. 
Hamence (ibid, 1941, 66 , 355). 

For the use of the test in determining coconut 
and palm-kernel oils and butter fat in mixtures, 
see E. R. Bolton ® (pp. 122-125). 

Crude Arachidic Acid is separated from oils 
in order to confirm the presence and estimate the 
amount of arachis oil in mixtures and various 
tests have been developed from the originai 
observation of J. Bellier (Ann. Chim. Analyt. 
1899, 4, 4) of the comparative insolubility of the 
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acid in 70% alcohol. Of these the two following 
tests of N. Evers (Analyst, 1912, 37, 487 ; 1937, 
62, 96) are undoubtedly the most satisfactory. 
The longer quantitative method is employed 
in the British Pharmacopoeia 1932 and in various 
British Standards, B.S. No. 629, 1935, 
whore it is thus described: 

Boil 5 g. of the oil in a 200-ml. conical flask 
with 25 ml. of 1*5 n. alcoholic potassium 
hydroxide for 5 minutes under a reflux condenser. 
Add to the hot solution 7*5 ml. of acetic acid 
(33% w/w) and 100 ml. of alcohol (70% v/v) of 
p 0*890, to which 1 ml. of hydrochloric acid 
(p 1*16);has been added. Maintain the tempera¬ 
ture of the mixture for 1 hour at 12-14°o. Filter 
the solution and wash the precipitate with the 
same mixture of alcohol (70%) and hydrochloric 
acid at 17-19°c., the precipitate being broken 
up occasionally by means of a platinum wire 
bent into a loop, until the washings give only a 
faint turbidity with water. Note the total 
volume of alcohol (70%) used for the crystallisa¬ 
tion and washing. Dissolve the precipitate in 
70 ml. of alcohol (90% v/v) of p 0*833 and cool 
the solution to a fixed temperature between 15“ 
and 20“o. for 3 hours : then filter and wash with 
35 ml. of alcohol (90%) at the same temperature 
and then with 50 ml. of alcohol (70%). Dissolve 
the crystals in warm ether and filter into a tared 
flask, the filter being well washed with ether 
and the washings added to the solution in the 
flask. Evaporate the ether and dry the residue 
at 100®c., cool, and weigh. Determine the 
melting-point of the crystals, and if it is found 
to be lower than 71“o. recrystallise from alcohol 
(90%)» transfer to a tared flask, dry, and weigh 
as before. 

To the total weight thus found add from Tables 
A and B, below, corrections for the solubility of 
the crystals in alcohol (90%) and alcohol (70%), 
in the latter case calculating the correction from 

Table A. 


Weight of 
crystals 
obtained. 

Correction (g.) to be added per 70 nd. 
of alcohol (90%) used at: 

g. 

15®0. 

17*5°0. 

20°C. 

0*05 

00217 

0*0280 

0*0322 

0*10 

0*0252 

0*0315 

0*0364 

016 

0*0296 

0*03:>4 

0*0400 

0*20 

0*0336 

0*0392 

0*0434 

0*26 

0*0364 

0*0424 

0*0466 

0*30 

0*0386 

0*0448 

0*0497 

0*36 

0*0407 

0*0473 

0*0622 

0*40 

0*0427 

0*0497 

0*0646 

0*45 

0*0440 

0*0617 

0*0567 

0*50 

0*0467 

0*0532 

0*0688 


Table B. 


Mritlng-polnt 
of crystals, 

®c. 

Correction (g.) 
to be added 
per 100 ml. of 
alcohol (70%). 

Factor for 
converting cor¬ 
rected proportion 
of aracliidic 
acid to arachis 
oil. 

71*0 

0*0130 

17*0 

71*6 

0*0099 

18*6 

72*0 

0*0080 

20*0 

72*6 

0*0067 

21^1 

1 73*0 

1 . 

0*0060 

22*0 
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the total quantity of alcohol (70%) used in pre¬ 
cipitating and washing, including the 100 ml. 
used in the first instance. Multiply this corrected 
weight in grams by 20 to obtain the propor¬ 
tion of crude arachidic acid present in the oil, and 
obtain the percentage of arachis oil present by 
the use of the appropriate factor in Table B. 

N. Evers’ qualitative test {ibid. 1937, 62, 96) 
is designed for the detection of arachis oil in 
olive and almond oils and eliminates much of 
the work required in the foregoing. It is as 
follows: 

1 ml. of the oil is saponified with 5 ml. of 
1 -6 n. alcoholic potassium hydroxide solution 
by heating on the water bath for 5 minutes, 
avoiding loss of alcohol; 50 ml. of 70% ak-ohol 
are added, followed by 0-8 ml. of hydrochloric 
acid {p 1‘16). After heating to dissolve any 
precipitate that may be formed the solution is 
cooled in water, and continuously stirred with a 
thermometer, so that the temperature falls at 
the rate of about l°c. per minute. If a turbidity 
appears before the temperature reaches in 
the case of olive oil, or 4“(\ in the case of almond 
oil, the above quantitative test for arachis oil 
must bo carried out; but if the liquid remains 
clear at these temperatures, arachis oil may be 
regarded as absent. Clouding points for other 
oils are given in the original paper. 

The Ave-Lallemant Baryta Value Test 
depends on the separation of fatty acids having 
barium salts soluble in water, and has been used 
in the analysis of butter fats suspected of being 
adulterated. The test is described in full by E. R. 
Bolton ^ (p. 53); owing to the rise of popularity 
of the Reichert-Polenske-Kirschner test, which 
gives similar and more definite information, it is 
now little used. A few figures for the soluble 
baryta value are given in Tables I-III (pp. 53,54). 

Separations of other individual fatty acids than 
those already referred to are not made in com¬ 
mercial fat analysis, but it may be noted that 
the higher unsaturated fatty acids may be 
recovered from insoluble bromides precipitated 
in organic solvents by removal of bromine with 
zinc and hydrochloric acid in alcoholic solution, 
and that the formation of elaidic acid has been 
used to characterise the presence of oleic acid. 
This was achieved by J. J. E. Poutet (Ann. 
Chim. Phys. 1819, [ii], 12, 68) by means of mer¬ 
cury and nitric acid ; the test has been the sub¬ 
ject of a quantitative study by H. N. Griffiths 
and T. P. Hilditch (J.C.S. 1932, 2315) who 
showed that an equilibrium mixture containing 
about 66% of elaidic acid was obtained from 
either oleic or elaidic acid or their esters. 

In researches into the chemical composition 
of fats it is however necessary to have methods 
for the determination of the amounts of the 
various fatty acids present, and also methods for 
determining in what manner these acids are 
grouped on the glyceryl residue. The modem 
methods for such work have been developed 
largely by T. P. Hilditch and his co-workers; 
an account of them appears in T. P. Hilditch ® 
(p. 367), from which the following brief note has 
been abstracted. 

Mixtttres of higher fatty-acids such as are 
normally present in natural fats are ultimately 
resolved by fractional distillation in vacuo of 
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their methyl or ethyl esters into a series of 
fractions containing substantially not more than 
two saturated esters and not more than two 
homologous groups of unsaturated esters. Before 
fractionation is attempted however it is usually 
best to make some prcliminaiy separation, not 
necessarily complete, but timding to group 
roughly acids of similar properties into two or 
three main sets of esters. Such groups are more 
easily dealt with than their mixture in the 
original fatty acids. 

The first process consists in the preparation of 
the mixed fatty-acids of the fat, generally from 
70 to 100 g. of the latter, by saponifying in a 
manner similar to that used in the litre test 
(p. 77d). Caro must be taken to ensure com¬ 
plete saponification of the fat, and when highly 
unsaturated acids are present the saponification 
must not occupy too long a time, to minimise 
changes produced in these acids by prolonged 
boiling with alkali. 

Unsaponifiablo matter is next removed as 
completely as possible from the soap solution by 
continuous extraction with ether in a suitably 
designed extractor. In this extraction the soaps 
are in solution in an aqueous-alcoholic men¬ 
struum ; the solution should be as dilute as 
possible and the ratio of alcohol to water should 
be about 1:2. After the extraction the ether is 
washed with water to remove soap, which is 
added to the main soap solution. Alcohol is 
removed from this, and the mixed fatty acids 
are liberated as in the litre test {see p. lid), 
and recovered. Volatile fatty acids are removed 
as completely as possible by steam distilling 
and extraction from the distillate with ether. 
They are fractionated directly from a Willstatter 
bulb; the fractions are titrated with standard 
alkali, and the iodine value of the residue in the 
bulb is determined. 

The residual fatty acids from the steam distil¬ 
lation are extracted with ether, washed, and 
recovered and dried. They are then separated 
roughly into “ solid ” and “ liquid ” acids by a 
lead salt separation, usually a modification of 
the method of E. TwitcheU {see p. 656). In 
T. P. Hilditch’s modification {op. cit.) the lead 
salts which crystaUise are recrystallised from a 
second portion of alcohol, solid acids are 
regenerated from the crystallised salts, and 
liquid acids from the combined alcoholic filtrates 
after removal of alcohol. 

As an alternative to the lead-salt separation 
A. Grim and J. Janko (Z. deut. Oel u. Fett Ind. 
1921, 41 , 663, 672) propose the bromination of 
the fatty acids, the distillation in vacuo of the 
saturated acids from the bromo-compounds, and 
the recovery of the unsaturated acids by zinc 
and alcoholic hydrochloric acid. 

The mixed fatty-acids of each group are con¬ 
verted to methyl esters by boiling with about 
twice their weight of methyl alcohol in the 
presence of 2% of sulphuric acid, removing any 
unesterified acids, which should not form more 
than 2-3% of the total, with dilute potassium 
carbonate solution from an ethereal solution of 
the esters, and preferably re-esterifying the acids 
so recovered and adding them to the main bulk 
of esters. 

The esters are now fractionated in a vacuum 
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of 0* 1-0*2 mm. of mercury in special distilling of acidic compounds is complete the solution is 
apparatus, various forms of which are described washed with waiter. The aqueous and alkaline 
by T. P. Hilditch ® (pp. 374 et seq.), the preferred washings are united and washed with ether, 
fractionating column being one devised by H. E. which is added to the former ether extract. The 
Longencck(T (J.S.C.I. 1937, 56, ]99 t). The ether is removed and the residue weighed, 
boiling range, saponification equivalent, and Should a larger percentage of mono-azelao- 
iodine value of each fraction is recorded, and the glj^cerides be present than can conveniently 
composition of each is calculated on the assump- he dealt with thus (over 25%), the ether solution 
tion that it contains, as already stated, two of the oxidation products is first cooled to 0°o. 
saturated and two unsaturated acids. Finally for some hours to eliminate fully saturated 
the figures are collected and referred to the glycerides insoluble at this temperature, and the 
original acids. Examples of the somewhat resulting filtrates and washings are warmed to 
laborious calculations involved are given by 30°c. and shaken vigorously with 50-100 ml. of 
Hilditch {op. cit,). saturated sodium carbonate at the same tem- 

In cases whore the unsaturated acids are not peraturo. After standing for a few moments the 
mainly of the oleic acid series with varying un- small amount of aqueous alkaline emulsion is 
saturation but consist of groups of two homo- run off, and the nearly clear ether solution set 
logons acids, recourse is had to catalytic hydro- aside at 0”c. for several hours. Sodium salts of 
genation in order to transform all acids of the rnono-azclao-glycerides crystallise and are filtered 
liquid fraction into saturated acids before they off. The extraction with potassium carbonate 
are esterified and fractionated. In more com- and water is then carried out as above, 
plicated cases, where acids of varying degree of If 20 g. or more of fully saturated glycerides 
unsaturation derived from three or more homo- are obtained a further purification process is 
logons acids are present, the amount and/<n’ applied thus : The product is boiled in an open 
equivalent of the saturated esters in the ester basin with water to which dilute potassium car- 
fractions is determined. bonate is added until the whole remains just 

alkaline to phenolphthalein. The aqueous layer 
Gla'ceride Separations. siphoned off, and the fat boiled with wat(T 

Methods for the quantitative determination several times until the latter is neutral. It is 
of the fully saturated glycerides in a separated and weighed. The weight may he 
natural fat, and of the tri-C,g glycerides by corrected for loss in the free acidic fraction by 
means of hydrogenation, are given by T. P. separating the latter ajid determining its acid 
Hilditch ® (pp. 405, 409). The first of these, due value, using this as a correcting factor, 
to T. P. Hilditch and C. H. Lea (d.C.S. 1927, For the determination of the tri-('^ glycerides 
3106), involves the oxidation of the fat and by means of hydrogemation the fat may be 
removal of acidic compounds produced. 100 g. either completely or partially hydrogenated by 
of the neutralised fat are dissolved in 1 1. of a method given by T. P. Hildit('h {op. cit.). 
acetone in a 3-1. round-bottomed flask, and Tristearin is then determined by crystallising 
400 g. of finely powderecl potassium perman- repeatedly 20-50 g. of the fat from ether at 0' r. 
ganate are added in small amounts with vigorous or room temperature, combining the mother 
shaking after each addition. Each addition is liquors and treating them similarly. The less 
made after the liqtiid has ceased to boil as a soluble portions are crystallised from gradually 
result of the previous addition. The contents weakening solution in ether to obtain a series of 
of the flask are then refluxed for several hours; fractions, the saponification equivalents of which 
the acetone is distilled otT, last traces being are determined. The composition of the frac- 
romoved by suction. The residue is ground and tions is calculated from these, 
mixed with powdered sodium bisulphite (500 g.). For the use of acetone to provide preliminary 
The mixture is cautiously added to water in a separation of the glycerides of solid or semi¬ 
basin, the flask being washed with bisulphite solid fats, see T. P. Hilditch {op. cit.), d. Frankel 
solution in hot water. 30% Sulphuric acid is and J. B. Brown (J. Amer. Chem. Soc. 1941, 
added until the mixture is slightly acid to 63 , 1484). 

Congo Rod paper, and sulphur dioxide is expelled H. P. Kaufmann and O. Schmidt (Fette u. 
by heat. The mixture is boiled until all man- Seifen, 1940, 47 , 294) use an adsorption method 
ganic oxides have disappeared, cooled, and for the separation of fatty acids from glycerides 
extracted with ether if the fully saturated and for separating saturated triglycerides from 
glycerides are not present in large amount. If, one another. A benzene solution is sucked 
however, this proportion is large, the solid layer slowly through a column of alumina and silica 
of organic matter is removed from the top of gel, when practically aU the free fatty acids are 
the cooled aqueous mineral acid extract, washed found in the top part. If neutral saturated tri- 
free from mineral acid and salts with water, and glycerides are passed through the column, the 
dissolved in 10 vol. of ether; the extract is cooled triglycerides of high molecular weight are most 
to 0°o. for some time, and the precipitate is strongly adsorbed on alumina and least so on 
removed, washed and, if necessary, added to fully silica gel. 

saturated glycerides from the ether iiltrates for The use of fractional crystallisation of 
purification. If the proportion is not large, the glycerides with a view to separating in¬ 
ether solution obtained as above is washed with dividual compounds from fats is as yet of little 
water, and is then extracted cautiously alter- value in analysis although the possibility has 
nately with 10% aqueous potassium carbonate been extensively studied. The one exception 
solution and water. Great care is needed to to this rule lies in the use of crystallisation of 
evvoid troubjesonie emulsions. When extraction lard from ether as a moans of detecting adultera- 
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tion, particularly the addition of beef fat or 
hydrogenated oiJa,(?;. Vol. VII, 1926, c). 

Bellield and Delafontaine in 1883 based a teat 
on a method of C. Husson (J. Pharni. Chim. 
1878, [iv], 27, 100), dissolving the fat in ether 
and examining the crystals which separate under 
the microscope. In various forms and with 
various extensions this teat survives, notably in 
the British Pharmacopceia, 1932, where the 
modification followed is mainly that of Emery 
(U.S. Animal Industry Circ. 132). The B.P. 
test is as follows: Place in a 25-ml. stoppered 
cylinder 5 g. of melted lard ; add warm ether to 
the 25 ml. mark. Stopper securt^ly and shake 
until the lard is completely dissolved. Allow the 
cylinder to stand at a temperatun^ of 1 fi -20Y’. for 
18 hours. Decant the clear solntion from the 
crystals, and wash them with three portions of 
5 ml. of cold ether, avoiding breaking up the 
deposit during the first two w^ashings. Agitate 
the crystals with the third portion of ether, and 
transfer to a small filter. Wash with successive 
small quantities of ether until 15 -20 ml. have 
been used. Kemove the last traces of ether by 
suction through the stem of the funnel. Allow 
the deposit to dry. Pulverise the crystals, and 
determine their melting-point in a closed l-mni. 
tube. The melting-point must not be lower 
than 63°c. for pure lard, and is usually higher 
than f)3’4°c. If below ()3'’c\ the pr('s(*nce of beef 
or hardened fats is indicated. 

It may be noted that crystals sonudimes fail 
to appear in this test, and in this case it is pre- 
Hume-d that no hard fat such as beef fat or 
hardened oils is present. 

h>om an investigation of the saturate<l gly¬ 
cerides of lard and tallow obtaiiu'd by repeated 
fractional crystallisation, A. Bonier (Z. Unters. 
Nahr.- u. Genussm. 1913, 25, 321) concluded that 
the glyceride separated w as a palmito-distearin 
differing from a similar compound derived from 
tallow in its structural configuration. The 
difference is reflected in the crystalline form of 
the deposits from ether obtained with lard and 
tallow, the lard crystals being usually chisel- 
shaped with oblique ends, whilst those from 
tallow are necdlo-like and curved, and are 
usually arranged in plumose tufts. The form 
of crystals deposited from mixtures of lard and 
beef fats has been investigated by H. W. Sutton, 
A. Barraclough, R. Mallinder, and O. Kitchen 
(Analyst, 1940, 65, 623) who have reviewed the 
detection of adulteration of lard in detail. These 
authors find that forms of crystal transitional 
between the lard and the beef form are yielded 
by mixtures of the fats ; but this observation has 
not been confirmed in the literature. It is known 
that the plumose form of cr^^stal is given by pure 
lards under some conditions, and K. A. Williams 
{ibid.^ p. 633) points out that when these are 
found they can Ix^ resolved to the chisel form if 
they are rolled over through a right-angle, whilst 
l)eef crystals retain their needle shape under this 
treatment, whence it is evident that the apparent 
plumose form of lard crystals is duo to their 
alignment, and restricted growth from a common 
I>oint. 

The British Pharmacopoeia test given above 
has been extended by A. Bomer (Z. Unters. 
Nahr. -u. Genussm. 1913, 26, 559) to include 
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determination of the melting-point of fatty acids 
prepared from the crystals deposited from ether. 
The difference between this figure and the 
melting-point of the crystals is about 5-2°c. for 
pure lards and ranges from O-T’ to 2-6V. for beef 
and mutton fats. An arbitrar}' figure obtained 
by adding twice this difi'crencc to the melting- 
point of the crystals has been proposed by H. 
ISprinkmeyer and A. Diedrichs {i^d. 1914, 27, 
571) as a criterion of purity. J. Kerr (J. Assoc. 
Off. Agric. Chem. 1920, 4, 195) proposed the 
substitution of acetone for ether as solvent for 
the crystallisation; using a tc'mpcrature of 
30 ! 2°c. and calculates the arbitrary figure 
before suggested, suggesting a limit of 73 for 
pure lard. This test appears in a form put for¬ 
ward by an American Chemical Society Com¬ 
mittee (Ind. Eng. Chem. [Anal.], 1940, 12, 379) 
and is abstracted in detail in Analyst, 1940, 65, 
508. The method has been criticised, as has 
also the British riiarmacopocia method, by K. A. 
Williams (ibid. 1940, 65, 596), who states that 
th(‘ limits of tcmj)erature laid down in each test 
for the crystallisation are not sufficiently close, 
and permit of considerable divergence in tho 
results of different operators. 

CoLorR Tk.sts. 

Many colour tests for particular oils have 
been propose<l from time to time, but few of them 
have survived. Nevertheless a fiwv ar(^ worthy 
of note and are still regularly used ; they arc as 
follows: 

G. Halphen’s Test for Cottonseed Oil 
(J. Pharm. Chim. 1894, [v], 30, 241 ; 1897, [vij, 
6 , 391; see also Vol. HI, 411c) depends on the 
development of a rich red colour W’hen cottonseed 
oil is heated with amyl alcohol and carbon disul¬ 
phide containing a trace of sulphur. This 
reaction is given also by kapok and baobab oils ; 
if the cottonseed oil has been subjected to heat, 
the reaction is lessened in proportion to tho 
degree and time of heating. Unheated oils give 
the reaction quite strongly even if they form 
only 1% of a mixture of cottonseed oil with 
indifferent oil. 

About 2*5 ml. of the oil to be tested is mixed 
in a strong tube with equal volumes of amyl 
alcohol and a 1% solution of sulphur in carbon 
disulphide. The tube is closed and the stopper 
firmly tied dowri. The tul)C and contents are 
placed in a boiling-water bath for 30 minutes; 
it may bo noted that tubes occasionally explode, 
and duo precautions should be taken in view of 
the extreme inflammability of carbon disulphide. 
Development of the characteristic colour indi¬ 
cates the presence of cottonseed, kapok, or 
baobab oils; no attempt to estimate tho propor¬ 
tion of these oils present should be made from 
the intensity of the colour for the reasons 
indicated above. 

The Baudouin Test for Sesam4 Oil, 

claimed by J. Lowkowitsch ^ to be due to Camoin, 
is probably tho most satisfactory of the oil 
colour tests. Jt consists in the development of 
a rose-red colour by the action of a mixture of 
concentrated hydrochloric acid and cane sugar 
on the oil. Alternatively a mixture of the acid 
with furfural may be used (V. ViUavecchia and 
G. de Fabris, J.S.C.I. 1893, 12, 67; 1894, 18, 
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69), but experience has proved that it leads at 
times to positive results in cases where sesam^ 
oil is absent. The colour-producing substance 
is strongly resistant to heat and because of this 
and the ease of operation of the test many 
countries, especially on the Continent of Europe, 
have made mandatory the addition of small 
quantities of sesame oil to margarine. Certain 
olive oils grown chiefly in North Africa tend to 
give a slight pink reaction in the test, and this 
may be dealt with in the manner described 
below. 

The British Standard Test based on the re¬ 
action (B.S. No. 656, 1936) is as follows : Shake 
2 ml. of the oil with 1 ml. of hydrochloric acid 
(o 1*16), containing 1% w/v of sucrose, and allow 
to stand for 5 minutes. 

In the case of olive oil which may be suspected 
of containing sesam^ oil the British Standard 
Test (B.S. No. 630, 1935) requires 5 ml. of the 
oil to be shaken in a flask with 5 ml. of a mixture 
of 9 vol. of alcohol (90%) and 1 vol. of ammonium 
hydroxide solution {p 0-88) and heated on a water 
bath until free from alcohol and ammonia. The 
above test is then carried out on the product. 

A similar red colour is produced by the action 
of hydrochloric acid alone on fats dyed with 
certain dyestuffs, and may mask completely the 
colour due to sesarn^ oil in the above test. 
Provision is made for this in the Danish Regula¬ 
tions governing the manufacture of and trade 
in margarine, etc., of May 30, 1925, which pre¬ 
scribe the following tost. 

Mix 0-5 ml. of the melted and filtered mar¬ 
garine fat (which must be freed from aniline 
dyes, as below) with 9-5 ml. of arachis oil or 
cottonseed oil, which themselves give no rod 
colour in the test. Shake the mixture thoroughly 
for 1 minute in a teat tube 18 mm. in diameter 
and about 180 mm. long with 10 ml. of fuming 
hydrochloric acid of p 1-19 and with Od ml. of 
a 2% alcoholic solution of furfural (2 parts by 
volume mixed with 98 parts of absolute alcohol); 
the mixture must have a temperature of 20°c. 
When the mixture has stood in the test tube for 
15 minutes, the acid layer which settles under 
the fatty layer must show a red colour of a tint 
not fainter than that on the colour plate which 
the Minister of Agriculture has caused to be 
produced. (The colour plate in the writer’s 
possession shows a colour corresponding to a 
Xiovibond reading of 2-0 red, 0*8 yellow.) If a 
red colour appears when the fat is shaken with 
hydrochloric acid alone, due to the presence of 
aniline dyes, the following procedure must be 
adopted: 10 ml. of the fkt are shaken for 
30 seconds in a small separating funnel with 
10 ml. of hydrochloric acid, p 1-125. The red 
layer of hydrochloric acid which collects below 
when the mixture has stood for some time is run 
out, and another 10 ml. of hydrochloric acid of 
the same density are added. The mixture is 
again shaken for 30 seconds. If the hydro¬ 
chloric acid which separates out is still coloured 
red, the treatment of the fat is repeated in the 
same way until the hydrochloric acid remains 
colourless. No higher temperature must be used 
than is necessary just to keep the fat melted. 
After complete removal of the hydrochloric acid 
the test is made in the me^nnor described above. 
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Bleber’s Test for the ad^teration of 
Almond Oil is used in the examination of oils 
suspected of being adulterated with peach-kernel 
or apricot-kemel oils. It is carried out by 
agitating 5 vol. of the oil with 1 vol. of a freshly- 
prepared mixture of equal weights of water, sul¬ 
phuric acid, and fuming nitric acid. Pure almond 
oil does not change in colour appreciably, apricot- 
kernel oil gives a pronounced pink colour, 
especially if fresh, and peach-kernel oil gives a 
fainter pink colour. By this means 40-50% of 
apricot kernel may be detected in admixture 
with almond oil, but the test is uncertain for any 
smaller proportion. 

The Liebermann-Storch Test for Rosin 

in oils is usually made on a specimen of fatty 
acids prepared from the oil. A small quantity 
(up to 0-5 g.) of these is dissolved in acetic an¬ 
hydride with gentle heat and allowed to cool. 
Sulphuric acid (p 1-53) is then carefully run on 
to the solution. In the pj'esenco of rosin acids a 
fugitive reddish-violet colour is produced, 
i Almost all fatty acids fail to give any (colour in 
I the test, but a notable exception is tung oil, and 
it must also be remembered that cholesterol 
reacts. Tills fact is made use of in a modifi¬ 
cation of the Liebormann-Burchardt test 
adapted for the colorimetric determination of 
cholesterol by K. A. Williams (unpublished). A 
quantity of material containing up to 0-12 mg. 
of cholesterol is dissolved in chloroform and 
made up to 4 ml. therewith. 1 ml. of acetic 
anhydride and 0-1 ml. of concentrated sulphuric 
acid are added and the green colour due to 
cholesterol allowed to develop. A 1-cm. cell 
is filled with the liquid and a second 1-cm. cell 
fiUed with chloroform and the reagents is used 
as a blank. The absorption of light of wave¬ 
length about 640 m/x. is measured visually or 
photoelootrically, and the weight of cholesterol 
present derived from a standardisation curve. 

A further modification of the test has been 
applied by J. Fitel son for the detection of 
Teaseed Oil in admixture with olive oil 
(J. Assoc. Off. Agric. Chem. 1936, 19, 493). A 
mixture of 0-8 ml. of acetic anhydride, 1-5 ml. 
of chloroform, and 0-2 ml. of sulphuric acid is 
cooled in a test tube to 5®c. Seven drops of the 
oil, weighing ca. 0-228 g., are added by means 
of a tube of 4 mm. external and 2 mm. internal 
diameter. The contents of the tube are mixed 
and, if cloudy, acetic anhydride is added drop 
by drop until they clear. The mixture is allowed 
to stand at 6°o. for 5 minutes and 10 ml. of 
anhydrous ether are added and the whole is 
immediately mixed. Teaseed oil gives a marked 
red colour within a minute, the colour afterwards 
fading. Olive oils from certain sources give a 
fleeting pink colour and this fact must be 
allowed for in judging whether such an oil is 
adulterated. 

The following modification is suggested by the 
Olive-oil Committee of the American Oil 
Chemists Society (Oil and Soap, 1941, 18, 187) 
as an improvement. Saponify a mixture of 6 g, 
of the oil with 5 g. of a colourless mineral oil by 
boiling for 10-15 minutes with 6 ml. of 50% 
potassium hydroxide solutiop in about 30 mL of 
alcohol. Pour the liquid into a separating 
funnel, a4d an equal volume of water, shako and 
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allow to separate. Draw off and reject the lower 
soap solution. Waaih the oily layer several times 
with water, dry over anhydrous sodium sulphate 
and filter. Use seven drops of the product for the 
Fitelson test as above, also W. H. Dickhart, 
Amer. J. Pharm. 1940,112, 371.) 

Blue Value.—Cod-liver oils produce a fleet¬ 
ing blue colour when mixed in chloroform solu¬ 
tion with a solution of antimony trichloride in 
chloroform and the depth of colour produced is 
related to the amount of vitamin-A in the oil. 
A more pronounced reaction is obtained from 
unsaponifiable matter produced from the oil than 
from the equivalent weight of the oil itself owing 
to the masking effect of glycerides, etc. There 
is reason to believe that in one form or another 
the test gives useful information regarding the 
vitamin-^ content of a coddiver oil, but it has 
nevertheless not received official recognition as a 
method for its determination. A “ blue value ” 
test was included in the British Pharmacopoeia, 
1932, p. 596, and this was deleted by the Second 
Addendum, 1936, p. 16. A quantitative method 
is described by J. C. Drummond and T. P. 
Hilditch (p. 31), and is essentially the tcist of 
F. H. Carr and E. A. Price (Biochem. J. 1926, 
20, 497). The blue value is expressed as the 
colour in Lovibond blue units developed in 
30 seconds and measured in a 1-cm. cell on 
mixing 2 ml. of the antimony chloride reagent 
(a saturated solution, in anhydrous chloroform) 
with 0-2 ml. of a 10% solution of the oil in 
chloroform. About 1 g. of the oil is accurately 
weighed and dissolved in 10 ml. of redistilled 
chloroform. A 0-2 ml. portion of this solution 
is placed in a 1 cm. cell, and 2 ml. of a 30% 
solution of antimony trichloride in chloroform 
is added. The cell is shaken during the mixing! 
and exactly 30 seconds after the addition of the 
antimony chloride was begun the colour is 
matched in a Rosenheim-Schuster tintometer. 
At least four separate estimations on 0-2 ml. are 
made, and then, depending on the chromogenic 
power of the oil, a series of colour estimations is 
made on greater or lesser concentrations of the 
oil solution. If the colour produced is more 
than 10 blue units in any of these tests the result 
is rejected. The results are plotted on a graph, 
and the value for a 10% solution is read off if the 
relation established is linear; otherwise it is 
advisable to separate the non-saponifiable matter 
with precautions against oxidation and carry out 
the test on appropriate dilutions of that material. 
The question of errors arising in the test has 
been dealt with by N. Evers (Quart. J. Pharm. 
1929, 2, 666; t?. Vol. Ill, 248d, 249a). 

Yellow or Orange Colouring is added to 
many edible fats and to margarine and butter. 
It may be noted that in this country the Public 
Health (Preservatives, etc., in Food) Regula* 
tions, 1925, No. 775, prohibited the use of certain 
colouring matters in foods including some 
metallic compounds, gamboge, and five coal-tar 
colours (v. Vol. V, 309a). Methods for testing 
for these colours are given by J. R. Nicholls 
(Analyst, 1927, 52, 585). Generally speaking, 
however, the colours used in fats may be taken 
to be either annatto or azo-dyes. E. R. 
Bolton ® (p. 829) gives these simple methods for 
their 4eteotion» 
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Annatto.—Shake a few grams of the clear 
melted and filtered fat with 5 ml. of warm 10% 
sodium hydroxide solution. Pour on a wet filter 
and keep warm until most of the water has 
passed through. Then pour the molted fat off 
the paper and wash the latter gently with cold 
water. In the presence of annatto, it will be 
stained a reddish-yeUow of an intensity depen¬ 
dent on the quantity of annatto pre^^ent. If the 
stain bo very slight or indefinite, dry the paper 
and moisten it with 1 drop of a .0% solution of 
citric acid, when a pink colour will develop in 
presence of traces of annatto. 

Azo-dyes.—Place about 2 g. of the melted 
and filtered fat in each of two test tubes together 
with 5 ml. of light petroleum to prevent solidifi¬ 
cation. To one tost tube add 1 ml. of hydro¬ 
chloric acid (1:3), and to the other 1 ml. of 10% 
potassium hydroxide solution ; shake the tubes 
thoroughly and allow to stand. If an azo-dye 
is present the lewder layer in the hydrochloric 
acid tube will be pink, and in the other tube 
colourless. In the case of annatto, the acid 
layer will remain colourless, while the alkaline 
layer, or an intermediate layer lying between 
the fat and alkali, w^ill be coloured bright yellow. 
As mixtures of annatto and azo-dyes are sold 
for colouring purposes, both reactions may 
occur in the same fat. 

If no azo-clye colour is obtained, as may 
happen wdth coilain dyes, mix I ml. of the 
melted fat with 1 ml. of a mixture of 1 part of 
concentrated sulphuric acid and 4 parts of glacial 
acetic acid, and heat nearly to boiling with 
constant shaking. The acid solution, on settling 
out, wdU be pink or leddish in the presence of 
azo-dyes, practically no colour being produced 
in their absence. 

Polymerisation Tests. 

A number of tests for the purity of tung oil 
have been based on the fact that it polymerises 
when heated to temperatures l>etw'cen 250“3()0°ci. 
to a stiff jelly-like mass. C. A. Browne (Ohem. 
News, 1906, 106, 14; J.S.C.I. 1912, 31, 731) 
places 5 ml. of the oil in a tost tube, 16 cm. by 
15 mm., closed by a cork so perforated that a 
glass rod, 3 mm. diam., can bo moved up and 
down freely in the tube. A copper beaker, 
12 cm. high, 6 cm. internal diam., filled with oil 
to a height of 7-5 cm., is heated until the oil 
has a temperature of 293®c. and the temi)era- 
ture is then rising slowly. The test tube is then 
introduced into the beaker and fixed with its 
bottom 1*5 cm. from the bottom of the beaker. 
A thermometer, 30 cm. long and graduated 
from 100° to 40()^'c. is suspended with its low^er 
end 1*6 cm. from the bottom of the beaker; its 
readings are corrected for the exposed stem. 
The time is noted on its introduction and the 
source of heat is removed for about 45 seconds 
and then re-applied. In less than 2 minutes the 
temperature must have fallen to 282°o. and it 
is kept constant at that point. After 9 minutes, 
the glass rod is raised at intervals of half a 
minute and the time is noted when the gelatinised 
oil first sets firmly. The American Society for 
Testing Materials suggested in 1926 a tentative 
tipper limit of 12 minutes for this time for pure 
tung oil. 
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The British Standard for lung oil (B.S. when cold, cut into pieces and weighed into a 
No. 391, 1936) includes a mandatory tost on mortar to which arc added about 3 g. of dry, fat- 
similar lines in which a test tube of very similar free sand and 2 ml. of light petroleum (b.p. 
size is used in an oil bath, 12 cm. by 16 cm. high, 40-60°c.). After standing for a few minutes the 
and containing 500 ml. of oil such as soya-bean, mixture in the mortar is ground until the solvent 
cottonseed, or medicinal paraffin oil or carnauba has for the most part evaporated, and the sand 
wax. The test tube is inserted in the oil when and gel are thoroughly mixed. The mixture is 
the latter is at 275-277”c., and is fixed with its transferred to an extrac^tor, the mortar being 
bottom 1-5 cm. from the bottom of the beaker, well washed into this with light petroleum, and 
and level with the lower end of the thermometer extraction being (;arried out in the usual manner, 
by which the temperature of the bath is mea- Tung oils are found to give an extract of 28% 
sured. The bath is kept at 276 f l°c. for 12 if of the normal commercial quality, with a 
minutes, after which a specified rod in the oil is variation not exceeding | 2%. The })roportion 
raised at 15 second intervals. The time is noted of polymerisable luatter is found by subtracting 
when the oil becomes so stiff that movement of tlic percentage of extract frf)m 100. It is claimed 
the rod lifts the test tube. In the case of pure that the test will detect adulteration of tung oil 
tung oil the jelly is required to bo firm, non- if 5% of adulterant is present. A similar test 
sticky, and capable of being cut cleanly with a (in which 5 ml. of tung oil arc polymerised in a 
sliarp knife. The oil is required to gel within test tube immersed in an oil bath maintained at 
12 minutes or a period not exceeding that taken 290°o. for 20 minutes longer than the time 
by an agreed reference sami)le. Experience of required to cause solidification, and an extrac- 
the test has shown that few pur(i oils gel within tion is carried out on the resulting gel) is proposed 
12 minutes by this test, and that in order to as a subordinate test in B.S. No. 391, 1936, to 
comply with this requirement it will be necessary which reference should be made, 
for the standard temperature to be raised. 

The Worstall Test (J.S.CU. 1912, 81, 731) Vitamins. 

.specifies a somewhat similar procedure in which Vitamins-.^, -/>, and -E occur in various oils 
the oil is heated in a shallow iron dish and and fats and a very considerable volume of work 
stirred constantly with a thermometer at 285°c. has been published dealing with their estimation, 
until gelation takes place, the time for this to Generally speaking the preferred methods in each 
occur being noted. E. R. Bolton and K. A. case are biological ones, but in the case of 
Williams (Analyst, 1926, 51 , 335; 1930, 55 , vitamin-A results of biological testing are 
360, 366) agree with A. C. Chapman {ibid. 1912, closely paralleled by those of a spcctrophoto- 
37 , 543) that the test is unsatisfactory in its metric method, while in the case of vitamin 
original form and have proposed the following chemical tests are still being sought and tiistecl. 
modification. About 150 g. of the oil, contained The “ blue ” value of cod-liver oils, believed to 
in a stout aluminium lieakor, exactly 3 in. in depend on the vitamin-A content of the oil, has 
diameter and 4 in. in height, are heated by a not received ofiicial recognition in this country 
Bunsen burner so as to reach a temperature of as a measure of the vitamin content {see p. 73u). 
285”c. in 4 minutes, the oil being vigorously The British Pharmacopaua, 1932, and Ad- 
stirred by means of the thermometer during the denda, 1936 and 1940, laydown both a standard 
heating. A stop watch is started as soon as the biological test for vitamin-A and a standard 
temperature reaches 285°c. and the temperature alternative spectrophotometiic teat applicable 
of the oil is thereafter maintained as nearly as to cod-liver oils coming within the scope of the 
possible at 285°c., stirring being continued all Pharmacopoeia; and similar tests have been 
the time. The approach of polymerisation is adopted as British Standards in specifications for 
first indicated by a thickening of the oil, and Controlled Cod-Liver Oil for Animal Feeding, 
this is followed by the setting of the oil to a Purposes (B.S. No. 910, 1940) and Vitamins-A 
jelly. The time is noted when, just prior to and -D in Oil for Animal Feeding Purposes 
complete solidification, the oil just fails to drop (B.S. No. 909, 1940). The B.P., and B.S. 
from the thermometer if this is raised from the No. 910, require 600 International Units of 
bath. Genuine tung oils reach this point in vitamin-A to be presemt in the oils to which 
from 8-8-5 minutes. The tcimperature of the they refer; B.S. 909 requires 1,000 units, 
oil is maintained above 280°c. for about 1 minute Similarly the British Pharmacopoeia, 1932, 
after solidification has taken place and the vessel and the Second Addendum, 1940, lay down a 
and contents are then allowed to cool spontano- standard test for the estimation of vitamin 
ously, A stem correction must be applied if a applicable to oils coming within the scope of the 
long-stemmed thermometer is used, since a Pharmacopoeia; and a similar test appears in 
variation of 3°c. from the standard temperature the two British Standards mentioned above, 
throughout the polymerisation will cause a The B.P., and B.S. No. 910, require 85 Inter- 
difference of as much as 1 minute in the time of national Units of vitamin- D to be present in 
polymerisation with some specimens of tung oil. cold-liver oils; B.S. No. 909 requires 100 units. 

A genuine tung oil produces a dry, firm gel of In the case of the British Standards there is a 
pale yellow colour and characteristic appearance further requirement that if the oil under review 
and texture. is intended for use in the feeding of poultry it 

These authors extend this test to provide a must be accompanied by a guarantee that the 
means of determining the proportions of poly- amount of vitamin-D declared is fully effective 
merisable and unpolymerisable matter in tung for poultry when tested by the chick test (B.S. 
oil thus. A portion of approximately 2 g. is No. 911). Vitamin-D derived from the cod 
taken from the centre of the polymerised mass (Qadua morrhua) is considered to be fully effec- 
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tive in this respect, but if derived from other 
members of the goi^us Gad us, this is not neces¬ 
sarily so. 

For the assay of vitamin-A and vitaminin 
butter, see B. J. Morgan (Biochem. J. 1934, 28 , 
1178; 1932, 26 , 1144) and H. E. Beohdel and 
C. A. Hoppert (J- Nutrition, 1936, 11, 537); for 
the assay of vitamin-A in margarine, see J. H. 
Edisbury (Analyst, 1940, 65 , 484); for the assay 
of vitamin-i> in margarine, see N. H. Gridge- 
man, H. Lees, and H. Wilkinsmi {ibid. 1940, 65 , 
493); the biological assay of vitaminhas 
been reviewed by A. Z. Baker and M. I). 
Wright {ibid. 1940, 65 , 326); for a note on the 
occurrence of vitamin-Ag in certain oils, see 
R. T. M. Haines and J. C. Drummond {ibid. 1938, 
63 , 338). 

The assay of vitamin-E has been reviewed by 
A. L. Bacharach (Biochem. J. 1938, 32 , 2017) 
and colour tests arc* proposed for its estimation 
by A. Emmerie and V. Engel (Kec. tniv. chim. 

1938, 57 , 1351) and M. Furter and R. E. Mayer 
(Helv. Chim. Acta, 1939, 32 , 240). The possi¬ 
bility of separating this vitamin by a chromato- 
grai)hic process is put forward by A. R. Moss and 
j. C. Drummond (Biochem. J. 1938, 32 , 1953) 
and A. Emmerie and C. Engle (Rcc. trav. chim. 

1939, 58 , 283). 

Rancidity. 

The term “ rancidity ” is used both in the 
general sense of indicating deterioration in 
flavour or specifically to denote the hydrolytic 
(‘hanges occurring in fats and arising from 
bacterial and enzymic action. In the latter 
sense it may be contrasted with the term 
“ tallowiness ” indicating oxidation. C. H. 
Lea ® (p. 36), in a comprehensive monograph 
on the subject, classifies the possible causes of 
rancidity under several headings ; absorption of 
odours, action of enzymes, action of micro¬ 
organisms and atmospheric oxidation. 

The simplest tests for deterioration arc based 
on taste and smell, and a])plied by properly 
chosen tasting panels have proved themselves 
of value. Such testing has the disadvantages of 
requiring a very considerable degree of skill, of 
being anything but quantitative, and of failing 
to deal satisfactorily with the early stages of 
spoilage. In the case of pronounced rancidity 
the opinion of the senses may be confirmed by 
noting a fall in iodine value and rise in refractive 
index due to oxidation, and usually a rise in 
acidity due to hydrolytic changes ; but in most 
cases these chemical changes are of such small 
magnitude as to be valueless for assessing 
rancidity. 

The production of a ** perfume ” rancidity 
in fats containing relatively high proportions of 
lauric acid and acids of lower molecular weight 
appears first to have been ascribed to the 
formation of ketones by W. N. Stokoe (J.S.C.T. 
1921, 40, 76t). Such ketones result from the 
action of micro-organisms, particularly moulds, 
and are tested for by the method of K. Tftufel 
and H. Thaler (Chem.-Ztg. 1932, 56, 265). 
Between ^5 and 30 ml. of water are distilled 
from 160 ml. contained in a 200-inl. glass- 
stoppered distilling flask fitted with a short con¬ 
denser and received in a 60-ml. glass-stoppered 
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tube; 0-4 ml. of eahcylaldehyde, purified 

through the bisulphite compound, are added 
and the mixture is shaken vigorously. The 
tube is centrifuged and, after settling, all but 
4 ml. of the supernatant aqueous liquid is poured 
off. The residue is again shaken and 2 ml. of 
concentrated sulphuric acid are dropped into 
the emulsion, llie mixture is shaken and then 
allowed to stand. The upper layer should not 
be more than pale yellow or pale pink. 5 to 
10 g. of the oil to be tested arc added to the 
remaining water in the distilling flask by means 
of a long-stemmed funnel, and 26-30 ml. again 
distilled. The distillate is tested with aldehyde 
and acid as before. In the presence of ketones 
the aldehy^dc laj^er is coloured pink to red. The 
test will d(;tect 1 part of ketone per million of 
oil. ]t has been modified by H. Schmalfuss, 
H. Werner, and A. Cehrke (Mnrg. Indus. 1932, 
25 , 215) who allow for the estimation of the red 
colour in a tintolneter. 

Oxidative Rancidity has been the subject 
of much investigation and many tests have been 
proposed for its detection, most of them being 
quantitative. In cases where oxidation has 
proceeded to a considerable extent, the method 
of W. Fahrion (Chem. Urnschau Fette, 1920, 
16 , 158) may be used to determine, oxidised fatly 
adds. 3 g. of the oil or fat are saponifi(Hi 
in the usual maniUT, and alcohol is removed. 
The soap is dissolved in 50-70 ml. of liot water 
and transferred to a separating funnel. When 
cooled, 100 ml. of light petroleum are added. 
The solution is acidified wdth hydrochloiic add, 
shaken, and allow'cd to stand overnight. 1'he 
aqueous layer is run off, and the petroleum solu¬ 
tion filtered, the insoluble oxidised acids being 
transferred to the filtc'r. There they are w ashtM 
with light petroleum and then dissolved in warm 
alcohol or ether. The solution is evaporated and 
the acids dried at not over 95^c. and wTUghed. 

For the determination of water-soluble 
oxidisable impurities, R. H. Kerr (J. Ind. Eng. 
Chem. 1918, 10 , 471) has modified the process 
of G. Issoglio (Annali Chim. Appl. 1916, 1 , 18), 
producing a test of great value for estimating 
the relative keeping properties of hits, especially 
of edible animal fats, e.g., beef tallows. 25 g. 
of the fat are heated with 100 ml. of dis¬ 
tilled water at lOff'c. for 2 hours with constant 
shaking. The aqueous portion is separated by 
filtration through a wet ^filter paper and the 
filtrate made up to 100 ml. -with water. 10 ml. 
of the filtrate are boiled for 5 minutes w ith 50 ml. 
of 0-01 n. potassium permanganate solution; 
the contents of the flask are cooled, 10 ml. of 
sulphuric acid (1:5) and 50 ml. of 0*01 n. oxalic 
acid are added, and the solution is heated and 
titrated with 0*01 n. permanganate solution. 
The oxidisability value is the number of milli¬ 
grams of oxygen required to oxidise the water- 
soluble matter from 100 g. of the fat. The test, 
which determines mainly the strongly odorous 
low'er aldehydes, has been further commented on 
by L. H. Lampitt and N. D. Sylvester (Biochem. 
J. 1936, 30, 2237). 

The Kreis Reaction, depending on the for¬ 
mation of a red colour when a rancid fat is 
shaken with hydrochloric acid and an ethereal 
solution of phloroglucinol, is due to the presence 
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of an acetal of epihydrinaldehyde. Both this 
test and that due to Schiff (the general reaction 
for aldehydes) are described fully by 0. H. Lea 
(Rancidity in Edible Fats, Food Investigation 
Special Report No. 46, pp. 98, 102). 

The most important test for oxidative 
rancidity, the estimation of Peroxide Oxygen, 
has been proposed in many forms. It is usually 
applied in the simplified form of C. H. Lea® 
(p. 109). 1 g. of the oil or fat is weighed 
into a Pyrex test tube, approximately 1 g. 
of powdered potassium iodide and 20 ml. of 
glacial acetic acid-carbon tetrachloride mixture 
(2:1 by volume) added, and the liquid heated to 
boiling over a small flame impinging on the 
bottom of the tube. Boiling is continued for 
30 seconds, and the tube is cooled under the 
tap. The contents are poured into 30 ml. of 
water and titrated with 0-002 n. sodium thio¬ 
sulphate, starch solution being used as indicaf-or. 
The titration should be corrected by the result 
of a blank test. The number of millilitre:; of 
0'002 n. thiosulphate thus obtained represents 
the number of millimoles (2 miUioquivalents) of 
peroxide per kilogram of fat. 

Such tests as have been described indicate in 
general only the state of rancidity prevailing 
in the fat at the time of testing; though it is 
true that deductions as to the probable useful 
life of the fat may be made in some instances if 
the source of the fat is known and its general 
behaviour has been studied. Since such deduc¬ 
tions may be misleading, various tests have been 
devised to obtain definite information. These 
tests are based on induced oxidation. By 
exposure of the fat to temperatures of from 
40-100°c. in an atmosphere of oxygen, or by the 
action of light, or by catalysis by traces of 
metallic salts, the development of rancidity is 
reduced from months to hours. In all such 
methods extremely careful control of the con¬ 
ditions of oxidation is obviously necessary. For 
details of typical methods reference may be 
made to papers by D. H. Wheeler (Oil and Soap, 
1932, 9 , 89), A. E. King, H. L. Roschen, and 
W. H. Irwin {ibid. 1933,10, 105), L. H. Lampitt, 
N. D. Sylvester, and P. Bilham (Biochem. J. 
1936, 29 , 1167), and the American Oil Chemists 
Society (Oil and Soap, 1936, 12 , 187). 

Mackey Test. —A furtW example of the 
use of induced oxidation for the assessment of 
the value of an oil occurs in the use of the 
Mackey test, or its modifications, for estimating 
the liability of cloth oils such as olive oil to heat 
spontaneously when spread on textile fibres. 
Fibres such as wool when oiled with semi¬ 
drying or drying oils almost invariably heat on 
storage and the risk of fire would be considerable 
if they were used commercially. Restrictions 
are therefore applied by Fire Insurance Com¬ 
panies to the t 3 q)es of oil to be used. 

The original apparatus of Mackey and its 
method of use are described by J. Lewkowitsch 
and G. Warburton ^ (p. 106). The apparatus con¬ 
sists essentially of an air bath provided with a 
lid, through which pass two tubes for the purpose 
of inducing a current of air to circulate in the 
bath, and surrounded by a water jacket. A wire- 
gauze cylinder rests in the air bath and in thk 
is placed a light roll of cotton wool oiled with 


the oil under test. The water in the jacket is 
boiled throughout the test, and the temperature 
of the oiled wool in the cylinder is noted at 
intervals. An oil is regarded as dangerous if its 
temperature rises over 100*^0. in 1 hour and very 
dangerous if 200°c. is reached in IJ hours. 
7 g. of cotton wool is used in the test and this 
is oiled with 14 g. of oil, care being taken that 
the oil is thoroughly and evenly distributed 
over the wool. The Fire Officers Committee of 
65 Watling Street, Londj^n, now specifies the 
use of the Firth modification of the Mackey 
Tester in which a. better air circulation is secured 
than in the original tester, and prescribes more 
precise directions for its operation. Similarly, 
W. Garner and W. Leach (Analyst, 1936, 61 , 337) 
suggested an improved technique for the original 
tester. W. Garner {ibid. 1936, 61 , 519) deals 
'with the efiect of traces of catalysts, including 
iron soaps, which accelerate the heating of olive 
oils in the test, and W. Gamer and M. Elsworth 
{ibid. 1940, 65 , 347) have investigated the rela¬ 
tion of the results of the Mackey test and the 
rate of accumulation of peroxides in the oil. 

Rosin. 

Rosin is found in admixture with fatty matter, 
usually in soaps. It may bo determined by the 
TwitchcU method described by E. R. Bolton ® 
(p. 70) in which the fatty acids and rosin are 
submitted to the action of hydrogen chloride in 
ah^oholic solution, when the fatty acids esterify 
and the rosin remains unesterified and is subse¬ 
quently titrated with standard alkali. The 
more usual methorl, however, is now that of 
McNichol (J.S.O.l. 1921, 40, 124t), which has 
been standardised by the Analytical Methods 
Committee of the Society of Public Analysts, 
etc. (Analyst, 1937, 62, 868) and is conducted 
by separating the total fatty matter from about 
5 g. of soap by dissolving in hot water, acidifying 
with dilute sulphuric acid, cooling, and M'ashing 
the cake of fatty matter with water until the 
aqueous washings are free from acidity, or by 
extracting the fatty matter with ether from 
acid solution. 2 g. of the fatty matter are 
weighed into a 160 ml. flask, dissolved in 20 ml. 
of a solution of 40 g. of naphthalone-2-sulphonic 
acid in 1 1. of pure dry methyl alcohol, and the 
mixture is boiled gently under a reflux condenser 
for 30 minutes, small pieces of pot being added to 
ensure regular ebulh'tion. A blank test is carried 
out at the same time with 20 ml. of the reagent 
alone. The contents of the two flasks are cooled 
and titrated with 0*2 n. alcoholic potassium 
hydroxide solution, using 0-6 ml. of 0'6% 
alcoholic phenolphthalein as indicator. The 
resin acids are calculated as a percentage of the 
total fatty matter on the assumption that 1 ml. 
of the alkali solution is equivalent to 0-0662 g. 
of resin acids, and 1% is subtracted from the 
result so obtained. It may be assumed that 
rosin contains 92% of resin acids. 

PHYSICAI. TESTS. 

MBtraro-PorNT. 

Fats, being complex mixtures of glycerides, 
have no sharp meltmg-points but melt ^dually 
over a range of temperature varying in extent 
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from fat to fat. Even pure solid triglyeeridcs, 
such as tristearin, eiiist in four different crystal¬ 
line forms each haxing different melting cha¬ 
racteristics. It is therefore not surprising that 
many tests have been proposed for the deter¬ 
mination of various points at which melting 
reaches some definite stage. For example, in 
Pohl’s method a thin film of melted fat is formed 
on the bulb of a thermometer and allowed to 
solidify ; after a day or two the thermometer is 
fixed centrally in a test tube with its bulb near 
the bottom, and the tube is gently warmed until 
a drop of liquid oil forms; the temperature at 
which this occurs being taken as the melting- 
point. An improvement of this method, duo to 
L. Ubbelohde (Z. angew, Chem. 1905, 18, 1220), 
forms British Standard No. 894, 1940; in this, 
a small amount of the fat, set under agreed con¬ 
ditions, is filled into a glass cup having an orifice 
in its bottom and of specified dimensions, and the 
cup is attached to the lower end of a thermo¬ 
meter so that the bulb of the latter is disposed 
centrally in the fat. 9.he thermometer and cup 
are suspended in a boiling tube, which in turn 
is clamped in a beaker filled with water. The 
beaker is heated and stirred so that the Uunpera- 
ture of the fat rises l°c. per minute and the 
flow and drop points are recorded, the former 
being the temperature at which the fat forms an 
approximately hemispherical protuberance at 
the orifice of the cup, and the latter that at which 
the first drop falls from it. 

A similar method, for use with hydnocarpusoil, 
lard, soft paraffin, and wool fat is given in the 
British Fharmacopceia, 1932, p. 628. 

More commonly used is the metliod of Lc 
Sueur and Crossley (J.S.C.I. 1898, 17, 988) or 
one of its modifications in which a short length 
of melted fat is introduced into a capillary tube 
of 0*75-1 mm. internal diameter and 75 mm. 
long, having thin walls. The tube is fastened 
to a thermometer by means of rubber bands and 
suspended in a beaker of water which is heated 
gradually. In the original test the point at' 
which the fat is seen to rise in the capillary was 
taken as the melting-point. Later both the 
temperature at which a meniscus of liquid fat 
(incipient point) and that at which the fat first 
appeared completely melted (complete point) 
were recorded instead. A more precise and 
satisfactory form of the test is given by S. II. 
BHchfeldt and T. Thomley (Analyst, 1921, 46, 
180), the chief improvement being the use of a 
definite hydrostatic pressure applied to the 
capillary thread of fat. 

Notable discrepancies occur between the 
results of observers using the capillary tube 
method, especially in the judgment of the 
incipient melting-point, and to overcome these 
K. A. Williams has devised (ibid. 1941, 66, 3) a 
method in which incipient and complete points 
are measured photoelectrically. 

The fact that melting of a fat begins at tem¬ 
peratures considerably below the point at which 
it first becomes visible was established by K. A. 
Williams (Lc.) who has investigated the change 
of dxmsity occurring as the temperature of the 
fet is gradually raised. In this method the 
dexisity is calculated from the apparent weight 
pf about 6 g. of the fat contained in a small glass 
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bell suspended from the arm of a balance and 
immersed in a beaker of water. The densities 
obtained are claimed to be accurate to within 
0*0002 units, and it is shown that for a given fat 
the rate of change of density per unit rise in 
temperatirre is steady and small up to a tem¬ 
perature taken to indicate the start of melting; 
it then changes abruptly to a mu(;h higher, but 
still steady, rate which persists until melting is 
complete, and then changes again abruptly to a 
third steady rate, also small. 

The first and third rates represent the density 
change per 1‘' for solid and liquid fat, respectively, 
the intormediato rate that for the fat while it is 
actually melting. Plotting of densities against 
temperature leads to reproducible melting- 
points, and it is suggested that the rate of change 
of density during melting—which varies con¬ 
siderably for different fats—may prove to bo an 
analytical constant of value in characterising 
fats. 

The dilatation of fats on melting is also used 
as a criterion of their suitability for blending in 
margarine fats; volumetric methods for the 
study of this factor are given by W. Norman 
(Chom. Umscliau Fctte, 1931, 88, 17) and 
Kai Kofgaard (l)ilatometriske Fedtstof-Under- 
sogelscr, 1938). 

Solidifying Point and Titre Test. 

When melted fats are allowed to cool spon¬ 
taneously, their temperature first falls to a 
minimum value and then rises somewhat during 
a period when solid material separates and latent 
heat is released. A maximum temperature is 
rcjachcd at a point where radiation eficets 
balance the diminishing evolution of latent heat, 
and after this the temperature once again falls. 
The highest temperature reached during the 
second stage of the cooling is known as the 
solidifying point of the fat. It is usually deter¬ 
mined by placing 26-30 ml. of the melted fat in 
a beaker or tube about in. in diameter and 3-6 
in. deep in which a thermometer is supported by 
a cork with its bulb immersed in the liquid ; as 
soon as a tendency to solidify is shown by the 
spontaneous cooling of the fat the tube or beaker 
is supported by means of a cork in a wide¬ 
mouthed bottle in such a way that it is sur¬ 
rounded by an insulating layer of air at room 
temperature. The fat is then stirred gently 
with the thermometer, care being taken that the 
latter does not touch the sides of the tube. 
The temperature is observed, and the highest 
point to which it rises is noted as the solidifying 
point. With some fats the rise in temperature 
is large and definite, with others it may be small, 
or the thermometer may remain stationary for a 
short time without any rise being apparent; in 
such cases the stationary temperature is taken 
as the solidifying point. 

A corresponding sequence of temperature 
changes is shown by fatty acids on solidSfioation. 
Here the rise is usually ^‘ght, but it is also very 
definitely marked; the highest point reached 
is known as the Titre Point. It ia generally 
obtained by Dalican’s method, similar to that 
described above, but using a more standardised 
procedure. The method is given by E. R. 
Bolton® (p. 23) thus: 50 g: of the fkt are 
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placed in a 300 ml. flask with about 15 g. of 
stick sodium hydroxide and 100 ml. of 95% 
alcohol. The flask is connected to a reflux con¬ 
denser and heated in a boiling-water bath with 
constant shaking until saponification is com¬ 
plete. The alc!ohol is rapidly boiled off and the 
soap dissolved in not less than 500 ml. of hot 
water. To the hot solution are added 1 or 2 
drops of Methyl Orange and somewhat more 
hydrochloric acid than is required to render 
the solution permanently pink. The vessel is 
kept in boiling water until the layer of fatty 
acids becomes quite clear. The water is 
siphoned off as completely as possible, and the 
residual fatty acids arc filtered through dry, soft 
paper until a bright, clear filtrate results. Their 
solidifying point is determined in a tube, 
IJ X 5 in., supported in a bottle 10 cm. wide 
and 13 cm. high, by means of a cork, and so 
fixed that the whole of the fatty acids are 
within the bottle. A thermometer, with mer¬ 
cury bulb 3 cm. long and 6 mm. wide, is inserted 
centrally in the fatty acids. Immediately 
crystals form at the sides and base of the tube 
the mass is stirred with the thermometer, thnn* 
times from right to left and then three times in 
the contrary direction, and then continuously and 
rapidly with a circular motion, avoiding contact 
with the sides and care being taken to incor¬ 
porate the solidified fatty acids as they separate, 
until the whole mass is uniformly turbid. The 
mercury is then watched until it rises sharply, 
when the maximum temperature is carefully 
noted. Duplicate determinations should not 
differ by more than O Lc, It is essential that the 
fatty acids should be perfectly dry if satis¬ 
factory results are to bo obtained. The test is 
chiefly used in evaluating tallows, and other 
fats intended for soap-making. 

For assessing the properties of fats intended 
for use in chocolate confectionery the method 
given above for the determination of the 
solidifying point has been extended to give 
additional information, notably by 1^1. Fichard 
(Ann. Falsif. 1923, 16 , 197) and by H. R. 
Jensen (p. 172). In the standard test 

devised by Jensen are noted the “ standard 
time,” from the typical working temperature of 
31°C. to the solidifying point, the “ crystallisa¬ 
tion time,” from the minimum to the solidifying 
point, the “ supercooling limit,” the tempera¬ 
ture at which crystals first become apparent, 
and the “ supercooling index,” the difference 
between the solidifying point and the super¬ 
cooling limit. For details of the practical use 
of these figures the original work of Jensen 
should be consulted. 

Specific Gravity and Determination 
OF THE Weight of Oil in Bulk. 

The specific gravity and density of each type 
of oil or fat lie within a narrow range if deter¬ 
mined at a given temperature, and these figures 
are therefore of diagnostic value in the con¬ 
sideration of the quality or purity of the 
material. Precise determinations of specific 
gravity and of apparent density are also used in 
assessing the weight of oil in bulk shipments or 
stored in large tanks by calculation from the 
measured volume of the oil. 


The determination is made in all cases by 
means of the ordinary specific-gravity bottle 
with capillary bored stopper. In general a 25-g. 
bottle is used, and its capacity in milliiitres at 
15*5°c. should bo determined with the greatest 
possible accuracy. For oils that are completely 
liquid at the temperature of determination tho 
bottle is filled with oil at a temperature slightly 
below tho standard temperature (15-5'^c.), its 
stopper is inserted, and the filled bottle is im¬ 
mersed in a water bath kept at the standard 
temperature until all expansion has ceased. 
Excess of oil is removed from the stopper, the 
bottle is removed from the bath and (carefully 
cleaned and dried, and it is then weighed with 
the usual precautions. The specific gravity of 
the oil at ir)-5“c. is then obtained by dividing 
the weight of oil observed by the weight of 
water held by the bottle under the same con¬ 
ditions. The density of the oil is obtained by 
dividing the weight of oil by the volume of tho 
bottle in millilitres at 15-5°c. Details of the 
calculations necessary for the standardisation of 
specific gravity bottles are given by E. R. 
Bolton ^ (p. 32) and in British Standard No. 733, 
1937. 

In many cases a so-called liquid oil will con¬ 
tain a deposit of solid stoarine at the temperature 
at which a specific gravity determination is to 
be made, and the same oil, after melting and 
mixing at a higher temperature, can be brought 
back to the temperature of determination still 
in a completely liquid state, remaining com-, 
pletoly liquid at this temperature for a con¬ 
siderable time. 

8 olid stearine is much denser than the same 
stcarine dissolved and in a melted condition at 
the same temperature; it therefore follows that 
the specific gravity and density of an oil which 
can deposit stearine will vary with the amount of 
stearine that has been deposited at the time 
when the determination is made. The following 
figures are given by E. R. Bolton and K. A. 
Williams (Analyst, 1935, 60 , 158) to illustrate 
this: Specific gravity of a palm oil at 32'5°c./ 
15-5°c.; oil liquid, 0-900(); some stearine pre¬ 
sent, 0'9025 ; semi-solid, 0-9050; solid, 0-9084. 

It will thus be seen that in determining 
specific gravity or apparent density for the 
purpose of obtaining the weight of a bulk of oil 
both the temperature at which the volume of 
the oil is measured and the physical condition 
must bo known. Then the appropriate con¬ 
ditions can be simulated in the determination 
and a satisfactory figure arrived at. The factors 
required for converting to weights of oil are dis¬ 
cussed by E. R. Bolton ® (p. 33), A. Torisawa 
(p. 47), and in British Standards Nos. 718,1936; 
733, 1937. They depend on the units in which 
the weights are to be expressed. 

In Great Britain, the required weight being in 
tons, the factor is based on the statutory relation 
between gallons and pounds, and for practical 
purposes is the specific gravity, or ratio between 
the weight in air of a given volume of the oil 
and the weight in air of the same volume of 
water, the weight of oil being obtained at the 
sampling temperature and that of the water at 
16'6°o. In Europe, where the weight is required 
in kilograms, the factor required is an “ apparent’ ’ 
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density—the weight in air of 1 1. of the oil 
measured at the appropriate tempcratm'c. In 
this case the reference water standard is 
obviously the weight in vacuo of a standard 
volume of water measured at 4°c. 

Little use is made analytically of the specific 
gravity of solid fats except in the case of 
“ plasticised ” fats, that is to say, fats which 
have been “ creamed ” by tlui incorporation of 
minute air-bubbles. Here the determination is 
of value in assessing the increase in volume due 
to the plasticising process. The most satis¬ 
factory and direct method to adopt for all solid 
fats is that of flotation in diluted aqueous alcohol 
mixtures of known specific gravity, the specific 
gravity of the sample being taken as equal to 
that of the spirit in which it just floats at all 
levels without showing tendency to rise or sink. 

A general method for dealing with both solid 
and fully or partially melted fats is given by 
K. A. Williams (Analyst, 1941, 66, 4). 

Refractive Index. 

The refractive index of an oil or fat dept^nds 
on its molecular structure; molecular weight, 
degree of unsaturation, temperature, and the 
prosonco or absence of hydroxy-acids, con- 
jugatcKl bonds and free fatty-acids all contribute 
to the magnitude of its value. It can be deter¬ 
mined with ease and rapidity and affords in 
many cases a simple and reliable method for the 
rapid sorting of fats 8USi)ected of adulteration. 

In the j)a8t the refractometer of Arnagat and 
Jeans w'as much used for the test, but it has 
been superseded by instruments of the Abbe 
type, the most commonly used of these being the 
butyro-refractometcr and the Abbe instrument 
itself. In use both instruments are kept at a 
constant temperature, usually 40"^, 25"", or 2(f’('., 
by maintaining a constant flow of suitably 
warmed water through the jackets surrounding 
the prisms, and the refractive-index determina¬ 
tion is made on a few drops of the licjuid sample 
placed between the prisms. (V^rrections may 
be made to the observed figures if determined 
at temperatures differing slightly from a 
standard temperature, to arrive at data for this 
temperature, by means of the factors, 0*55 i)er 
°o. in the case of the butyro-refractometcr and 
0*00037 per ®c. in the case of the Abb^^ instru¬ 
ment ; in each case the correction is added to 
the observed result if the temperature of obser¬ 
vation is higher than the standard temperature, 
and it is to be subtracted if the temperature of 
observation is lower. 

Tables for the conversion of butyro-refracto- 
meter readings to true refractive indices arc 
given by E. R. Bolton ® (p. 28) and by R. Kan- 
thack and J. N. Goldsmith (p. 294). 

The dispersive power of oils may bo measured 
by means of the Abb4 instrument with the aid 
of tables supplied with the instrument. It is of 
greatest use in the assessment of the quality 
of tung oils, these giving a value much higher 
than that of the chief adulterants. 

Viscosity. 

The visebsity of an oil is a function of more 
value in assessing its properties as a lubricant 
than for analytical purposes, and for this reason 
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the test is rarely carried out on oils other than 
rape and castor oils. The methods used include 
the common ones of the Redwood, Saybolt, and 
Engler viscometers, tube viscometers of the 
Ostwald type, and falling-sphere instruments. 
The last two types have been standardised in 
England and are fully described in British 
Standard No. 188, 1937, revised 1940 {cf. 
Lerrtcation and Litbkic!ants, Vol. VII, 385d~ 
mya). 

Smoke, Flash,.and Fire Points. 

The flash and fire points of fatty oils arc 
determined by means of the Pensky-Marten 
ai>paratus in England and the Cleveland ap¬ 
paratus in the U.S.A. Details are given in the 
Standard iMethods for Testing Petroleum and its 
Product s, Cth cd., of the Institute of Petroleum, 
pp. 11(5-129, and a report of the American 
Chemical Society Committee on the analysis of 
oils and fats (Ind. Eng. Chem. [Anal.], 1940, 
12, 379-384). This latter report also deals 
with the determination of the smoke point (the 
tcm])erature at which a thin bluish smoke is 
(ontinuously given ofl“ when the oil is heated 
under specified conditions). 

Measurement of Colour. 

The depth and shade of colour exhibited by 
fatty oils has become of great importance in 
view of the modern demand for refined oils 
which are bright in appearance and pale in 
colour, and various requirements are laid down 
commercially for upper limits in particular 
cases. In most cases the colour is measured on 
the Lovibond scale through depths of 1 in., 
40 mm., 2 in., or 5*25 in. and is recorded in terms 
of red and yellow Lovibond units. The method 
has the advantage that with but little experience 
a colour can be visualised from its constituent 
figures, but it is open to the criticism that it is a 
subjective determination, so that a considerable 
degree of divergence may be apparent between 
the results of difierent workers on the same 
sample. The photoelectric method put forward 
by E. R. Bolton and K. A. Williams (Analyst, 
1935, 60, 447) is claimed to overcome this; th(‘ 
method gives results in terms of percentages of 
light of various wave-lengths absorbed by a 
chosen depth of oil, the usual wave-bands used 
being in the red, green, and blue. Methods an* 
under investigation by a sub-committee of the 
British Section of the International Society of 
Leather Trades Chemists for the conversion of 
Bolton and Williams data into terms of red, 
yellow, and neutral units; a preliminary report 
appears in J. Int. Soc. Leather Trades’ (/hem. 
1942, 26, 167. 

Fluorescence Analysis. 

An account of the application of fluorescent 
methods in the analysis of oils and fats is given 
by J. A. Radley (Food Manufacture, 1944, 19, 
23), who indicates that examination of the 
material under ultra-violet light can in some 
circumstances give useful information regarding 
the state of purity or the past history. In 
general, expressed crude vegetable oils give a 
yellow fluorescence, though that of soya-bean 
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oil 18 a dark rod. On the other hand solvent- 
extracted oils and oils that have been heated to 
high temperatures show blue fluorescences. The 
fluorescence of expressed oils changes to blue on 
long exposure to air. 

T. T. Cocking and S. K. Ci-ews (Quart. Journ. 
Pharm. 1934, 7, 531) recommend the treatment 
of olive oils, suspected of being adulterated, with 
decolourising charcoal, filtering, and examining 
under the lamp. They claim that genuine oils 
then appear a faint blue, but if more than 6% 
of an adulterant is present a strong blue fluores¬ 
cence is shown. 

It should be borne in mind that the results 
of fluorescence tests are not always conclusive, 
and attention may he drawn to a note by E. R. 
Bolton (Analyst, 1930, 55, 740). 
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K. A. W. 

OITICICA OIL. A drying oil ob- 
tained in 60% yield from the seeds of Licania 
rigida Benth., a large tree occurring in Brazil 
which takes maay years to come into full bear¬ 
ing. The oil, p 0*967~0*966, 1-504, iodine- 

no. 123-145, saponification value 186-190, free- 
fatty adds edi oleic 1-3%, unsaponifiable matter 
0-5-10% (Bun. Imp. Inst. 1923, 21, 641; 1929,. 
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27, 277) consists of mixed triglycerides of 11% 
saturated acids, 16% oleic and linoloic acids, the 
remainder being mainly a-licanic acid (4-keto- 
j.9.ii,i3.o<3tadecatrienoic acid (Brown and 
Farmer, J.C.S. 1936, 1632), together with a 
small amount of a-elseostearic acid. Oiticica 
oil comes on tho market as a semi-solid fat or, 
heat treated, as a permanent oil. The oil, which 
absorbs oxygon readily from the air, is a sub¬ 
stitute for or supplement to tung oil in paints 
and varnishes, but is to some extent unsatis¬ 
factory owing to tho film having a lower resist¬ 
ance to moisture (Kappelmeier, Verfkroniek, 
1935,8, 279). Phenolic resins body more rapidly 
with the oil than with tung oil and are said to 
be more durable (Gardner, Amer. Paint J., 
1936, 20, 48). 

M. L. M. 

OKRA (Gumbaut or Gumbo). Tho fruit of 
Ilihiacua asaculentua L. (also classified as 
Abelmoachua eaculentua Moonch.). The mucila- 
genous tissue of the pericarp is edible. The pods 
are usually collected when young and tender 
(about 4 in. long). Individual seeds are 
roundish, |-J in. in diameter, and black when 
mature. The green fruit is used as a vegetable 
for soups, etc., in which it also serves as a 
“ thickening ” agent. In America it is con¬ 
served by canning. Typical percentage analyses 
of the fruit and mature pods are: 



Water. 

Pro- 

toin. 

Fat. 

1 

N- 

free 

ex¬ 

tract. 

Fibre. 

Ash. 

lYesh fruit 
(whole) 1 

90-2 

10 

02 

4-0 

3-4 

0-6 

Fresh fruit 
(edible 
part) 2 

80-7 

4-2 

0-4 

12-1 

1-2 

1-4 

Canned 
fruit 3 

94-4 

0-7 

0-09 

2-9 

0-7 

1*2 

1 


1 Atwater and Bryant, U.S. Dept. Agric. Off. Exp. 
Sta. Bull, 1906, No. 28. 

2 N. Zega, Chem. Zeit. 1900, 24, 871. 

3 McElroy and Bigelow, U.S. Dept. Agric. Div. 
Chem. Bull. 1893, No. 13. 

The mineral constituents of the fruit include: 
KgO, 0 042; Na^O, 0-58; CaO, 010; MgO, 
0 016; PgOg, 0-043; 808,0 034; SiO^, 0 06% 
of the fresh material. According to Remington 
and Shiver (J. Assoc. Off. Agric. Chem. 1930, 
13, 129) the fresh fruit also contains: Fe 101, 
Mn 48-3, Cu 9-4 mg. per kg. 

The ripened seed contains approximately 16% 
of an oil which, as reported by Jamieson and 
Baughman (J. Amer. Chem. Soc. 1920, 42, 166), 
has the following characteristics: 0-9172, 

1-4702, saponification value 196-2, iodine 
value 96-2, Reichort-Meissl value 0-26, Polenske 
value 0-23, acetyl value 21, acid value 1-4, 
saturated acids 29-2%, misaturated acids 
67-33%, insoluble acids 96-2%, soluble acids 
0‘14%, unsaponifiable matter 0-37%. The 
probable composition of the oil is given as; 


0 / 

/o. 

Glyceride® of arachidic acid . . . 0-05 

Glycerides of stearic acid .... 2-76 

Glycerides of p^mltic acid .... 27-23 

Glycerides of oleic acid.43-74 

Glycerides of linoleic add .... 26-62 


VoL. IX.--6 


Recorded data for vitamin contents include: 
vitamin-A in cooked young pods 2,380 Inter¬ 
national units per 100 g. (L. F. Booher and R. L. 
Marsh, U.S. Dept. Agric. Tech. Bull. 1941, No. 
802), vitamin-in fresh fruit, 126 pg, per 100 g. 
(L. E. Booher and E. R. Hartzler, ibid. 1939, 
No. 707) and vitamin-G 14-7 mg. per 100 g. of 
fresh fruit (R. C. Burrell and V. P. Ebright, 
J. Chem. Educ. 1940, 17, 180). Further investi¬ 
gations by M. E. Hollinger and D. Colvin (Food 
Res. 1945, 10, 256) show that small (2-6-3-0 in.) 
immature pods may Contain 42 mg. of vitamin- 
C per 100 g. fresh weight, tho value decreasing 
progressively with further growth to 16 mg. in 
mature (10 in.) pods. There is a loss of ascorbic 
acid during storage of pods (restricted by low 
temperature) and also during cooking, pressure 
cooking causing tho least loss. 

A. G. Po. 

O LD F U ST IC is tho wood of the Chlorophora 
tinctoria Gaudich, formerly called Morua 
tincloria Linn., a tree belonging to the family 
Uriicacese, found in North, Central, and South 
America, Cuba, Jamaica, etc. Tho best qualities 
of old fustic come from Cuba. 

Two colouring matters, morin and maclurin, 
have been isolated from tho wood, and these are 
separated by treating a boiling extract of tho 
rasped wood with lead acetate solution, which 
precipitates morin as its yellow lead compound, 
the main bulk of the maclurin remaining in 
solution. The crude morin obtained by decom¬ 
posing the lead salt is crystallised from dilute 
alcohol and then contains only a trace of 
maclurin, from which it can bo freed by dissolving 
in acetic acid and adding a little hydrochloric 
acid whereby morin only is precipitated as 
halogen salt (Bablich and Perkin, J.C.S. 1896, 
69, 792). 

Morin, CigHjoO;, pale yellow needles, m.p. 
286-288® after sintering at 281°, is readily 
soluble in boiling alcohol and dissolves in 
alkaline solutions with a yellow colour. An 
olive-green coloration is produced with ferric 
chloride. Cold acetic anhydride converts the 
monopotassium salt into tetra-dcetylmoriny colour¬ 
less prismatic needles, m.p. 142-145°; this on 
further acetylation gives an amorphous com¬ 
pound, and a crystalline penta-acctyl derivative 
has not yet been prepared. On the other hand, 
tetrabromomorin, m.p. 268°, forms a penta-acetyl 
derivative, m.p. 192-194° (Benedikt and 
Hazura, Monatsh. 1884, 5, 067; Bablich and 
Perkin, l.c.), and tetrabromomorin ethyl ethery 
m.p. 156°, affords teira-acetyltetrabromomorin 
ethyl ethery m.p. 116-120° (Herzig, ibid. 1897, 
18, 700). 

When morin tetramethyl ether is hydrolysed 
with alcoholic potassium hydroxide, j8-resoreylic 
acid and phloroglucinol monomethyl ether are 
produced. Morin is, therefore, 6:7:2':4'-tetra- 
hydroxyflavonol (1) (Bablich and Perkin, be.), 
and this structure was confirmed by synthesis 
(von Kostanecki, Lampe, and Tambor, Bei. 
1906, 89, 626). Phloracetophenone dimethyl 
ether was condensed with 2:4-dimethoxybenz- 
aldehyde and the resulting chalkone converted 
into the corresponding flavanone, the wonitroso 
derivative of which yielded morin 7:2':4'-tri- 
mcthyl ether on hydrolysis, and from this morin 
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was obtained by demetbylation. Robinson and 
Venkataraman (J.C.S. 1929, 61) synthesised 
morin by 2:4-dimethoxybenzoylation of co- 
methoxyphloracetophenone followed by hydro¬ 
lysis and demethylation of the product. 



conjunction with aluminium and tin possess only 
a moderate degree of fastness with respect to 
light. Fustic is cdiicfly employed in wool dyeing 
with potassium dichromato as the mordant, 
mainly in conjunction with logwood, alizarin, 
etc., for the production of comi)ound shades, 
olive, brown, drab, etc., and as a bottom fot 
black. 

E. J. 0. 


OLEFINS. These substances are hydro¬ 
carbons which contain 2, 4, G, etc., atoms of 
hydrogen less than the corresponding paraffins, 
according as they belong (rosj)ectively) to the 
mono-, di-, and poly-olefinic sub-groiips. 


Morin A'-trimethyl ether^ pale straw- 

coloured prismatic needles, m.p. L‘12° (Robinson 
and Venkataraman, /.c.), niorin ii:l:2'A'-telra- 
methyl ether, yellow needles, m.p. 131-132° 
(Babich and Perkin, Z.c.), and morin 3:7:2':4'- 
tetraethyl ether, yellow needles, m.p. 126-128° 
(Perkin and Phipps, ibid. 1904, 85, 61) are also 
described. 

Morin jpentarnethyl ether, m.p. 164-157° 
(Herzig and Hofmann, Ber. 1909, 42, 155; 
Perkin and Watson, J.C.S. 1915, 107, 207) is 
hydrolysed by boiling alcoholic potassium 
hydroxide into methoxyfisetol dimethyl ether 
(2-hydroxy-ca:4:6-trimcthoxyacotophenonc) and 
y3-resorcylic acid. Nitro- and amino-morin 
pentamethyl ether molt at 223-225° and 204- 
205°, respectively. 

Morin forms oxonium salts with mineral acids 
(Perkin and Pate, ibid. 1895, 67, 649); of these, 
the sulphuric acid compound, 
known as anhydromorin sulphate, is abnormal, 
and according to Robinson and Venkataraman 
(Lc.) is probably represented by formula (II). 



Mono-olefins, 

The mono-olelins or etliylcnes all contain 2 
atoms of hydrogen less tlian parahins ol the 
same number of carbon atoms. The dclicicncy 
in hydrogen, which is regarded as rendering the 
members of the group unsaturated, allects a pair 
of adjacent carbon atoms in each molecule, and 
is represented in formulai by a double bond 
between the two atoms, and in chemical nomen¬ 
clature by the termination -cne. All members 
of the homologous group which contain more 
than 3 carbon atoms can display three types of 
isomerism, viz. (1) paraffinic isomerism duo to 
the branching capacity of tlie carbon chain, 
(2) double-bond isomerism due to the number of 
dilforent positions in the chain which the double 
bond may occupy, and (3) cis-^raw^-isomcrism 
arising from alternative spatial distributions of 
the atoms or groups attached to the doubly 
bound carbon atoms. In this way butene, the 
third member of the mono-olcfinic group, can 
exist in four isomeric forms. 


CHyCHgCHiCHg 


Butene -1 
Butene). 


/H 

CH/ \CH 3 

em-Butene-2 

Butene). 


CH3\ /H 

h/ ^CHj 

trails- 

{iniu^-A^-Bvtene). 


CH3\ 

CH 3 / 


C.^CH 


2 


iso Butene. 


For absorption data of morin, see Grinbaum 
and Marchlewski (Biochem. Z. 1937, 290, 261; 
Bull. Acad. Polonaise, 1937, A, 60). 

Morin closely resembles ksempferol {5:1 A'- 
trihydroxyflavonol) in its dyeing properties. 
Olive-yellow, yellow, lemon-yellow, and deep 
oh ve-brown shades are obtained on wool 
mordanted with chromium, aluminium, tin, and 
iron, respectively (Perkin and Wilkinson, J.C.S. 
1902, 81, 590). 

Maclurin. —A description of this substance 
and its derivatives is given elsewhere {v. Vol. 
VII, 435a). 

Dyeing Properties of Old Fustic, 

The olive-yellow or old-gold colours which 
fustic yields when used with chromium mordant 
and the greenish-ohves obtained with the use of j 
copper and iron mordants are all fast to hght 
and milling, but the yellow colours yielded in I 


pcntenc, jn six forms (5 structural), 

hexene, in seventeen forms (13 struc¬ 

tural), and so on. 

Occurrence.—-The mono-olefins do not occur 
extensively in natural materials. They are 
found in thermally decomi^iosod (“ cracked ”) 
mineral oils, but their isolation as pure in¬ 
dividuals from the complex mixtures of hydro¬ 
carbons so obtained is usually attended with 
great difficulty. 

Methods of Preparation.— 

(1) The Dehydration of Monohydric Alcohols .— 
CnH 2 w-|-l*OH-> CnH 2 «+HgO. This process 
of very wide appheabihty is carried out by heating 
the alcohols at suitable temperatures with de¬ 
hydrating agents such as sulphuric acid, phos¬ 
phoric acid, phosphoric oxide, phthalic anhydride, 
anhydrous oxalic acid, etc.; or by slow distillation 
of the alcohols with small amounts of catalysts 
such as hydrogen bromide, iodine, and aniline 
hydro bromide; or by the passage of their vapours 
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over contact reagents such as alumina, thoria, 
silica gel or kaolin, heated to the requisite high 
temperatures. The structure of the alcohol has 
an important influence on case of dehydration: 
tertiary alcohols dehydrate more readily than 
secondary, and these again more readily than 
primary ; secondary alcohols, CHPR'-OH, and 
tertiary alcohols, CRR'R"-OH, usuaUy tend 
to dehydrate in all possible directions to give 
mixtures of olefins : 

CMe 2 (OH)CHMe 2 — 

or CHgiCMe CHMe 24 HgO. 

Thus the preparation of tetrainethylethylene 
and tt 5 -methyli 5 opropylethylene from dimethyl 
isopropyl carbinol ac(;ording to the above 
equation is effe(;ted by heating the carbinol 
(408 g.) with anhydrous oxalic acid (1,200 g.) 
in an oil-bath under reflux for 8 hours, and then 
distilling off the hydrocarbon formed. The 
distillate is washed 0 times with ice-water, dried 
over calcium chloride, and then repeatedly dis¬ 
tilled over sodium. Careful fractionation through 
a good 4()-cm. column at a reliiix ratio of 10:1 
gives tetramethylethylene and as-methyliso- 
propylethyleno of b.p. 72-0“73-2°/7fi0 mm. and 
55*6~5fi*0°/7fi0 mm., respectively (Schurman and 
Boord, J. Amer. Chom. Soc. 1983, 55, 4930). 

Alcohols which unavoida bl}^ undergo rearrange¬ 
ment of the carbon skeleton under ordinary de¬ 
hydration conditions, and especially those con¬ 
taining sensitive secondary or tertiary alkyl 
groups, can often bo successfully dehydrated by 
heating the easily decomposable esters which 
they form with xanthic acids (Tschugaeff, Ber. 
1899, 82, 3332; Whitmore and Simjjson, J. 
Amer. Ohem. Soc. 1933, 55, 3809): 

CMe 3 CHMe(ONa)-fCS 2 -> 

CMej CHMe O CS SNa 

CMea-CHMeOCSSMe —-t 
CMe 3 CH:CH 2 f CHj SH+COS, 

(2) The Elimination of Hydrogen Halide from 
Monohalogen Derivatives of Paraffins.- —This 
operation is carried out by heating the organic 
halide with alcoholic potassium or sodium 
hydroxide, with quinoline or with other in¬ 
organic or organic base; 

CHgCHBrCHMeg+KOH 

CH 3 CH:CMe 2 + KBr-f HjO. 

Elimination can often be induced by passing 
the vapour of the halide over heated contact 
materials such as barium chloride or finely- 
divided metals (Ba, Pb, Fe, Co, Ni); also over 
heated basic materials such as lime and lead 
oxide. Tertiary halides, and especially the 
iodides, lose hydrogen halide with great readiness. 

(3) The Dehalogenation of \:2-Dihalogeno- 
paraffins. —The decomposition of organic di- 
hahdes in which the halogen atoms are attached 
to adjacent carbon atoms is carried out by 
(a) treatment of their solutions in alcohol, 
acetonei or acetic acid with zinc dust: 

CHMejCHgCHBrCHBrCHa-fZn 

CHMejCHaCH:CHCH 3 +ZnBra, 


(h) treatment of their solutions in alcohol by 
zinc-copper couple (Gladstone and Tribe, 
J.C. 8 . 1878, 21, 306), or (c) spontaneous decom¬ 
position of the di-iodidos which are formed by 
the action of phosphorus tri-ioclido on the corre¬ 
sponding l; 2 -(iiol 8 (Kuhn and Winterstein, 
Helv. Chim. Acta, 1928, 9, 87). 

Thus, cis- and /ra/i^-J'^-octenes are (respec¬ 
tively) conveniently obtained from the corre¬ 
sponding dl- and me/?o-4:5-dibromo-octane8 
(Young ct al., J. Amer. ('hem. 8 oc. 1937, 59, 
403). Either of these dibromides is added 
gradually to excess of freshly prepared zinc- 
copper couple covered with 90% alcohol. The 
alcohol is gently boilerl during the addition, and 
afterwards heating is increased until the olefin 
mixed with alcohol distils. On dilution of the 
olefin-alcohol mixture with water the hydro¬ 
carbon separates and is dried over calcium 
chloride and rectified. The c^-octene boils at 
120-120-5°/7G0 mm. and the /;m 7 i.»}-octene at the 
same temperature. 

(4) The Action of Grignard Reagents or Zinc 
Alkyls on Alkyl Halides .— 

RCHrCHCHgBr+R'MgBr -> 

R CHrCH CHgR'l MgBPg 
CHgrCHBr+ZnEtg CHgrCHEt-fZnEtBr. 

(5) The Action of Zinc on 2-Bromo-ethers .— 
This method is especially valuable for the 
syntimsis of isomeric, hexenes, hoptenes, etc. 
(Boord el at., ihid. 1930, 52, 3396; 1931, 53, 
1505): 

R CHBr CHR-OEt-l-Zn -> 

R CH:CHRM Zn(OEt)Br. 

The required bromo-ethers can be synthesised 
in the stages : 

(а) RCH2CHO+EtOH+HCI 

R CHg CHCl OEt i H 2 O. 
(5) R CHg CHCl OEt+Bra -> 

R CHBr CHBr OEt-i HC). 
(c) R CHBr CHBr OEt+R'MgBr 

RCHBrCHR'(OEt)f MgBrg. 

( б ) The Distillation of Quaternary Ammojiium 
Hydroxides or of Alkyl A mmonium Phosphates .— 

RCH 2 CH(NMe 30 H)CH 3 -> 

R CH:CH CH3(or R CH2 CH:CH2) f N Me3+ 

HgO. 

(7) The Action of Metals on Mixtures of Alkyl 
Halides and lialogeno-olejins {Wurtz Reaction ).— 
(Sodium, copper, reduced silver, and sometimes 
magnesium react with the bromo- or iedo- 
derivatives in ethereal solution : 

CH 2 :CHCH 2 l+Etl-f 2 Na -> 

CHarCHCHgEt-fZNal. 

( 8 ) The Polymerisation of Simple Olefins {v. 
infra). 

(9) The Thermal Decomposition (“ Cracking ”) 
of Paraffins or Higher Olefins .— Largo quantities 
of ethylene, isobutene, butadiene, etc., are 
obtained in commercial cracking processes. A 
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few molecules probably first decompose to give 
free alkyl radicals (CnH2n-f-2 R^+R'*), and 
the latter initiate degradative chain reactions 
by removing hydrogen atoms from neighbouring 


molecules. Thus, for octane, hydrogen may be 
displaced from any one of the eight carbon 
atoms, yielding a radical, which will 

further decompose, e.g., 


R^+CgHig RH+CHgCHa-CHaCHj 


CHgCHCHj, 


CHo 


RH + CHg CHa-CHg CHg^fCHarCH CHg CHs (Decomp, at a) 
RH + CHg CHa^-f CgH^+CHarCH CHa-CHg 

RH + CHg CHg CHg CHg CHg CHrCHa+CHg* (Dccomp. at b) 


{cf. Rice, ibid. 1931, 58, 1959; 1932, 54, 3529; 
1933, 55, 3035; Ind. Eng. Chcm. 1934, 26, 259; 
1938, 30, 955). 

Physical Properties. —The early members 
of the homologous series are gases at ordinary 
temperatures, w-pentene (b.p. 30-2®), its isomers 
(b.p. <38*6°) and numerous succeeding members 
are liquids, and the highest members of the 
series are solids. In general, J ^-olefins boil 
lower than id^-olofins, and those iso-olefins in 
which branching of the chain occurs at one of 
the ethylenio carbon atoms tend to boil lower 
than the corresponding normal compounds; 
accumulation of alkyl groups, however, at the 
ethylenic centres, usually raises the boiling-point. 

Oxidation. —Olefins are oxidised by dilute 
permanganate to yield l:2-glycols; on further 
oxidation the carbon chain is severed : 


RgCiCHR' -> R2C(0H) CH(0H)R' 

RjCO+R'CHO RgCO+R'-COaH. 

Chromic acid and certain other oxidising agents 
behave somewhat analogously. Peracetic acid 
and perbenzoic acid yield olefin epoxides 
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but in the case of the former reagent the 
epoxide becomes largely converted into the 
mono-acetate of the l:2-diol. Hydrogen per¬ 
oxide, in presence of a trace of osmium tetroxide, 
yields with olefins the corresponding l:2-glycolfl; 
lead tetra-acetate in acetic acid similarly yields 
l:2-glycols, or the corresponding diacetates; 
silver benzoate and iodine form a complex which 
converts olefins into their l:2-glycol dibenzoates. 

Structural Lability and Isomerisation. 
—^The carbon chains of alcohols and other 
precursors of olefins often undergo rearrange¬ 
ment during elimination reactions. Thus mix¬ 
tures of butene and isobutene are obtained 
by the dehydration of wobutyl alcohol with zinc 
chloride or heated contact catalysts (Whitmore, 
J. Amer. Chem. Soc. 1932, 54, 3278), and mix¬ 
tures of isobutene and J ^-butene by the dehydra¬ 
tion of w-butyl alcohol over heat^ aluminium 
phosphate. Tertiary alcohols or halides are 
particularly subject to skeletal rearrangement 
during conversion into olefins: 


CMe 8 CHMe(OH) 

CMegCHtCHg 

(A) 


--HiO 

P205-SI02(300°)^ 

or CMe.iCMen 
(B) 


or CHgtCMeCHMej 

(C) 


but the rearrangement is not in general a cha¬ 
racteristic merely of the elimination processes, 
but can occur with the olefins themselves around 
300° in the presence of suitable contact reagents. 
Thus each of the above t«ohexenes tends to reach 
the equilibrium A ^ B ^ C in presence 
m. ca. ca. 

3%. 61%. 3]%. 

of phosphoric .ocid-silica gel at 300°. According 
to Whitmore {ibid. pp. 3274, 4011; 1933, 55, 
812, 1119; 1934, 56, 1395) the mechanism of the 
structural change can be represented in the 
following way. The system (u), in which X 
is a potential anion (Cl, OH, OMe, etc.), 
passes first by loss of X into a cation (5), 

Me H Me H 

H:C:C:X H:C:C-f :X: 

Me H Me H 

(«). {b). 

and then by loss of a proton into an olefin. In 
the latter stage, however, the system (b) can 
apparently: 

(1) lose a proton directly 

(CHMej-feHj CMej:CH 2 +H+), 
or 

(2) transpose by shift of a H atom with its 

bonding pair of electrons from one car¬ 
bon atom to another, before losing a 

• proton (CHMeo CHo-> CMeo CH,-> 
CMeg-.CHa-hH^), or 

(3) transpose by shift of an alkyl group with 

its bonding pair of electrons from one 
carbon atom to another before losing a 
proton 

(CHMea-CHa CHMeCHaMe 

CHMe:CHMe+H^^) 

(sec Whitmore, l.c.). 

The olefins themselves, under the influence of 
suitable catalysts, imdergo both structural and 
cis-traTW-isomerisation. Strong acids promote 
double-bond migration by causing addition of 
hydrion at the more negative of the ethylenic 
carbon atoms, followed by loss of hydrion from 
another carbon atom; 

RCH:CHCHaR'+H+ 

R CHj CH CHaR' R CHa CH:CHR'.f H+. 

Electron-deficient compounds of the inorganic 
group which provides effective catalysts for the 
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Friedel-Crafbs reaction (AlClj, BFj, etc.) pro¬ 
mote cifi-fraw^-isomeyisation in olefins. The 
reaction is doubtless of the character: 


h/ 


c=c 


\h 


-f-BFs 


CHR—CHR(BF3)-> 


R\ /H 

)c=c;; 

h/ \r 


+ BF, 


{cf. Price and Meister, ibid. 1939, 61, 1696). 
Contact catalysts such as alumina and thoria 
can promote both double-bond migration and 
skeletal rearrangement of olefins (or of their 
alcohol precursors) at temperatures around 
400°. According to Goldwasser and Taylor 
{ibid. pp. 1761, 1762), the combined reaction 
may involve a cyclic intermediate : 

CHg f CHg 1 CH 3 

i ^1 

CHMerCEt LCHMeCHEtJ CMe:CHEt 

Polymerisation,—This is brought about by 
the action of light, heat, or chemical catatysts, 
but some aryl olefins such as styrene polymerise 
spontaneously at room temperatures unless 
special precautions are taken to exclude polym¬ 
erising agents or agencies, or unless a chemical 
inhibitor such as sulphur is added. Polymeri¬ 
sation may be high-molecular or low-molecular^ 
the former resulting in products of high mole¬ 
cular weight (say, A/=1,000-400,000), and the 
latter normally yielding mixtures of only the 
earlier polymeric stages (dimer, trimer, etc.). 

The high-molecular products usually consist 
of series of saturated linear polymer-homo- 
logues, formed by the Linking of different num¬ 
bers of monomer molecules head to tail: 

wCRR':CR"R'" 

•CRR'CR''R'''[CRR'CR"R'"]„_aCRR'CR''R'". 


The individual molecules in these series differ 
from one another only in chain-length, i.e., in 
the value of n. The average value which n 
attains in any polymerisation depends jointly 
on the constitution of the olefin and the con¬ 
ditions of polymerisation. Ethylene yields 
polyethylene, a tough horn-like translucent solid 
of average mol. wt. 3,000-6,900, when it is 
heated at 100-300° at 1,200 atm., or greater 
pressure (B.P. 471690, 1936); likewise iso- 
butene yields with enormous speed and evolution 
of heat polyt«obuteno, a somewhat elastic solid 
of mol. wt. 30,000-400,000 when it is brought 
into contact with catalysts such as boron tri¬ 
fluoride, titanium tetrachloride, or aluminium 
chloride at temperatures between — 10 ° and 
—80° (Thomas, Sparks, and Frolich, ibid. 1940, 
62, 276). The polymerisation probably consists 
in the formation of a few activated monomer 
molecules, i.c., polar or radical molecules of high 
energy content (the active centre denoted by *), 
which unite with successive monomer molecules 
to produce in turn activated dimer, trimer, 
tetramer, etc,, molecules, until finally activity is 
lost by collision of active centres with other 
active centres, or with the walls of the containing 
vessel: 


C-C C-C 

rc-C’l* __C—C—C—C* 1 2 

Li 2J 1212 

C™C—C—C—C—C*, etc. 

12 12 12 

Activation of the monomer molecules by 
(jhemical reagents appears to arise (a) by the 
action of organic radicals (g.g., derived from 
peroxides) or paramagnetic molecules {e.g., 
oxygen): 

C-C 

C=C 2 +R* -> CR-^C* 1 
12 12 

—CR—C—C—C*, etc. 

1 2 12 

and (b) by polar mechanism involving cither 
complex formation between the reagent and 
olefin or by attachment to the more hydro¬ 
genated ethylenic carbon atom of hydrion 
derived from an acid HX contained in, or 
generated in traces from, the catalyst: 

C = C + BFg -> BFgrC—Cl* 

12 Ll 2j 

C=C + H -> CH—C* 

12 12 

Activation of olefin molecules by light or by 
heat results either from direct energisation to 
form (presumably radical) molecules of high 
energy content, or from the production of 
free radicals by photo- or thermal decom¬ 
position of some of the olefin or extraneous 
molecules present. It is noteworthy, however, 
that high temperature (non-catalytic) treatment 
of olefins commonly gives rise to low-molecular 
“ polymers in the formation of which chain- 
scission frequently occurs with formation of 
odd- as well as even-membered chains. 

The low-molecular products tend to be pro¬ 
duced preferentially at more or less elevated 
temperatures by the action of strong acidic 
catalysts, especially sulphuric and phosphoric 
acids, or of halides such as boron trifluoride, 
aluminium chloride, titanium tetrachloride, and 
antimony chloride. The polymers so formed 
are usually branch-chained olefins formed by 
the mechanisms: 

(a) CH2:CHR+H+ CH3CHR — 

CH3CHRCH2CHR ^ 

CH3CHRCH;CHR — 

Dimer 

CH3CHRCH3CHR or 

CH 3 CHRCHCH 3 R 

CH3 CHR CH2 CHR CHa-CHR or 

CH3CHRCH(CH3R)CHjCHR 

CH3 CHR CHj CHR CHiCHR or 

Trimer 

CH3 CHR CH(CHi,R) CH:CHR, etc. 

IsmneHc tnmer 

{b) CHgiCHR+BFa -> FgB CHgCHR 

— - FgB CHa-CHR CHg CHR- > 

CHg CHR CH-.CHR —► Tnmer, etc. 

Dimer 
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and are subject during formation to the skeletal 
rearrangements discussed above. At pressures 
above the atmospheric press iiro, however, 
polymerisation by aluminium chloride may be 
complicated by the formation of paraffins and 
cyclic olefins (Ipatieff and Grosse, ibid, 1936, 
68, 915), During the thermal decomposition 
of paraffins and olefins polymerisation occurs 
side by side with degradation, so that normal- 
chain hydrocarbons tend to pass in part into 
branched-chain forms. 

Aromatisation.—Normal and branchcd- 
chain olefins containing 6 or more carbon atoms 
can bo converted into aromatic hydrocarbons, 
with loss of h 3 ^drogcn, by heating them at 
temperatures above 400” in contact with certain 
catalysts such as chromic oxide gel (c/. Gold- 
wasser and Taylor, ibid. 1939, 61, 1766). Thus 
2-methylpentene-2, CMe 2 :CH*CH 2 'CH.j, 2- 
ethylbutene-1, CHg^CEtCHgCHg, 3-methyl- 
pentene-2, CH^-CHiCMe CHa'CHg, all under¬ 
go 20-27% conversion to benzene at 424° in 
presence of chromic oxide gel. For mechanism 
of cyclisation and dehydrogenation, sec Ridt al, 
Chem. and Ind. 1943, 62, 335. 

Additive Reactions.—Olefins display a 
strong tendency to add reagents at their un¬ 
saturated centres. The number of reagents 
which can so be added is very large, and the 
ease of addition varies enormously. In many 
instances reaction proc^ceds spontaneously, in 
others chemical catalysts are re(iuired to pro-1 
mote reaction, and in still others light, high j 
temperatures or high pressures are needed. 
The following are among the principal t^'^pes of 
addenda and additive reactions which can be 
employed. 

Halogens .—The halogens (CIg, BPg, Ig, I Cl, 

I Br) usually combine to give dihalides, 

RCHiCHR'+Brg RCHBrCHR'Br, 

but under certain conditions substitution occurs 
{see Substitutive Reactions, below). The com¬ 
pleteness of reaction and the speed of addition 
render certain of the halogens (ICl, IBr, and 
Bfg) suitable for quantitative determination of 
the unsaturation of unconjugated oils, fatty 
acids, polyene hydrocarbons, etc. 

Halogen Acids .—Hydrogen bromide, hydrogen 
iodide, and (often) hydrogen chloride add to 
olefins to give alkyl halides, 

RCH:CHR'+HBr -> RCHgCHR'Br 
or RCHBrCHgR'. 

Normallyt a polar mechanism is pursued; hence 
addition to an olefin R'CH:CHR' in which R 
and R' are groups of equal or nearly equal 
electronegativity occurs in both possible direc¬ 
tions, presumably owing to the nearly identical 
activation energies of the two reactions. In 
unsymmetrically substituted olefins, however, 
one direction of addition is favoured at the ex¬ 
pense of the other, and in those examples where 
the degree of substitution at the two ethylenic 
carbon atoms differs, the addition proceeds pre¬ 
dominantly (probably uniquely) in accordance 
with the Markownikow rule, *.e., the halogen 
atom of the addendum attaches itself to the 
ethylenic, carbon atom bearing the smaller 


number of hydrogen atoms, so giving secondary 
or tertiary halides: 

CMe^iCH^+HBr CMe^Br CH,. 

When, however, hydrogen bromide is the 
addendum, addition may be of abnormal 
character (^.e., it may occur in the direction 
opposite to that required by the Markownikow 
rule) if the olefin is contaminated with traces of 
peroxide or (sometimes) if molecular oxygen is 
present (r/. Smith, Chem. Soc. Annual Rep. 
1939, 36, 225). It is thought that the oxygen 
or peroxide liberates from the halogen acid 
atomic bromine which attacks preferentially 
one (the more hydrogenated) of the ethjdenic 
carbon atoms : 

Og+HBr -> *OOH+Br*; CMe2:CH2+Br* 
HBr 

CMe2CH2Br—-> CHMe2CH2Br+Br*, 

etc. The abnormal typo of reaction probably 
applies rigidly to all olefinic additions occurring' 
by radical mechanisms, additions initiated 
by ultra-violet light, peroxides, and free radicals, 
Cis- and /runs-forms of olefins react alike with 
halogen acids. 

H^^pochlorous and hypobromous acids add 
at the double bonds of olefins to give chloro- 
hydrins or bromohydrins. In general the 
hydroxyl group tends to attach itself to the 
least hydrogenated or more positive (ithylenic 
carbon atoni, but in many cases addition occurs 
in both directions, giving mixtures of isomeric 
halohydrins : 

R CH:CHR% ClOH -> R CH(OH) CHR'CI. 

Esters of hypohalous acids or equivalent solu¬ 
tions of halogens in alcohols frequently act 
I similarly. 

I Hydrogen Sulphide. —As in the case of halogen 
acid additions, both normal and abnormal 
reactions can be promoted. Addition of the 
liquid reagent occurs with moderate ease to 
simple olefins in IJ.V. light {ca. 2,800 a.) to give 
mercaptans, sulphides, and disulphides : 

R-CH ’CH 

R CH:CHj+H2S-> R CHj CHj SH- 

RCHj-CHjiSCHjCHijR, 

The direction of addition is abnormal (Vaughan 
and Rust, J. Org. Chem. 1942, 7, 472). The 
presence of sensitisers such as acetone usually 
expedites reaction. Addition in the normal 
direction can be effected, but with greater 
difficulty, when liquid hydrogen sulphide reacts 
with the olefin in presence of such catalysts as 
nickel on kioselguhr (200-300°), ferrous sulphide 
(100° or above), ferric oxide (100° or above), or 
sulphur. Gf. Boesekon and Van I). Linde, Rec. 
trav. chim. 1935, 54, 739; Farmer and Shipley, 
also Naylor, J. Polymer Science, 1946, 1, No. 7. 

Mercaptans. —Aryl mercaptans (thiophenols) 
add to olefins in the abnormal direction (Ipatieff, 
J. Amer. Chem. Soc. 1938, 60, 2731): 

Pr^ CH:CHj+PhSH^ Pr^wHj CH, SPh. 

Normal addition, however, occurs if the olefin 
is first freed from traces of peroxide (Jones and 
Reid, ibid., p. 2452). In general, ^tra-violet 
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light an'd traces of peroxide promote abnormal 
addition, and sulphur, ferrous sulphide, etc., 
normal addition (c/. Farmer and Shipley, also 
Naylor, Z.c.). Aliphatic morcaptans add loss 
readily than do thiophenols, but more readily 
than does hydrogen sulphide. 

Sulphur Dioxide ,—In presence of traces of 
peroxide, U. V. light, lithium nitrate, and certain 
other catalysts, sulphur dioxide adds readily 
to olefins, giving polymolecular sulphones: 
?iR-CH:CH 24 wSOg 

[•CHRCH2S02*CH.,CHRS02]„., 

(Marvel et al., ibid. 1937, 59, 707). Analogous 
products are formed from unconjugated poly¬ 
olefins such as rubber (Farmer and Morrison- 
Jones, unpublished work). 

Sulphur .—Moat olefins containing the group¬ 
ing CHa-CHiCH- react with sulphur at tem¬ 
peratures above 100°. The primary prodticts 
appear to be mono-, di-, tri-, etc., sulphides 
R-S-R, R-S-S-R, R'S S*S*R, etc. (where R 
is the original olefin molecule modified by 
gain or loss of one hydrogen atom) of undeter¬ 
mined constitution, but on prolonged or undue 
heating hydrogen sulphide and mercaptans arc 
formed by decomposition {see Farmer and Ship- 
ley, also Naylor, l.c.). The molecmle-linking re¬ 
activity of sulphur is doubtless responsible for 
the vulcanisation of rubber. 

Sulphuric Acid .—Olefins combine with strong 
sulphuric acid to give alkyl hydrogen sulphates. 
These acidic esters become hydrolysed more or 
less easily when boiled with water, so forming 
secondary alcohols ; 

RCH:CHR'+H 2 S 04 -> 

R CH(0 S02 0H) CH 2 R'. 

Water .—The hydration of olefins cannot be 
accomplished by the direct action of water, but 
is readily promoted by acids and acidic reagents : 

R CH:CHR'+H+ -> R CHjCHR' —> 

RCHa-CHR'OH+H^ 


chloroacetic acids, and o-, m-, and p-hydroxy- 
benzoic acids in presence of boron trifluoride to 
give esters; with phenols, ethers are formed, 

RCHiCHR'+CHaClCOgH 

RCHgCHR'OCOCHgCI 
R CH:CHR'+Ph OH -> R CH^ CHR'-OPh. 

Paraffins .—Paraffins combine with olefins in 
presence of sulphuric acid (Birch, Dunstan, 
ei al., J. Inst. Petroleum Tech. 1938, 24, 308; 
Birch and Dunstan, Trans. Faraday Soc. 1939, 
85, 1013), aluminium' chloride, or a catalyst 
composed of boron trifluoride, finely divided 
nickel, and a little water (Ipatieff and Grosse, 
J. Amer. Chem. Soc. 1935, 57, 1610; 1936, 58, 
913) to give isoparaffins : 

CHMea+CMegtCHg -> CWie^CH^CHMe^. 


Gyeioparaffins can sometimes be added to olefins 
in presence of sulphuric acid, and somewhat 
similar additions of paraffins to olefins can bo 
effected^ by heat and pressure alone, and by the 
use of activated halide catalysts. 

Aromatic Hydrocarbons. —Benzene, toluene, 
naphthalene, etc., combine with olefins in 
presence of boron trifluoride, aluminium chloride, 
sulphuric acid, and ferric chloride, the olefins 
thus serving as alkylating agents (Nieuwland 
et al.f J. Amer. Chem. Soc. 1936, 58, 1007; 
Ipatieff et al., ibid., pp. 919, 2339; 1938, 60, 
353; J. Org. Chem. 1940, 5, 253; Potts and 
Carpenter, J. Amer. Chem. Soc. 1939, 61, 663). 
In this way propene condenses with benzene 
in presence of boron trifluoride to give mono-, 
di-, tri-, and tetra-e^opropyl derivatives of 
benzene (Nieuwland, J. Amer. Chem. Soc. 1935, 
57. 1547). 


C6H8-f2CH3CH;CH 






In industrial processes sulphuric acid is ex¬ 
tensively used, but since this reagent can effect, 
reversibly, (a) hydration, {b) esterification, and 
(c) polymerisation of the olefin, all of whicih 
reactions may occur side bj^ side, it is necessary 
to control carefully the strength and quantity 
of the acid employed, and the temperature. The 
precise course which reaction takes with sul¬ 
phuric acid of given strength depends largely 
on the constitution of the olefin. Thus propone 
and Ji-pentene form esters with 85-92% sul¬ 
phuric acid, whereas J^.p^ntene gives a mixture 
of 2- and 3-pentanol; other olefins, however, 
undergo polymerisation with 80% and esterifi¬ 
cation with 70% acid. The sulphuric acid esters 
formed can often be easily hydrolysed to give 
the corresponding alcohols. 

Aqueous organic acids, diluted nitric, phos¬ 
phoric, sulphonic, and picric acids have been 
used as hydrating agents, the reaction proceed¬ 
ing less readily with the weaker acids, but still 
often occurring at measurable rates even with 
0*1 M. solutions of dibasic organic adds. 

Organic Acids and Phenols .—Olefins combine 
with organic acids such as mono-, di-, and tri¬ 


Phenol-formaldehyde Resins .—Olefins combine 
with phenol-formaldehyde resins when heated 
with the latter at about 180° (Cunneen, Farmer, 
and Koch, J.C.S. 1943, 472); 


CHR 

II 

CHR' 


+ 





Diphenylketen .—Olefins combine with di- 
phenylketen, but not with keten, when heated 
with the reagent at 70-100° (Staudinger and 
Suter, Ber. 1920, 58 [B], 1045; Farmer and 
Farooq, J.G.S. 1938, 1925) : 


RCH:CHR-hPh2C;CO 


R CH CHR' 
Phji—CO 
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Ozone .—Ozone addition products, called 
ozonides, are formed apparently quantitatively 
by passing a stream of ozonised oxygen (or air) 
through cooled solutions of the olefins : 

R CH:CHR' rR CH CHR'1 

[ X J 


O 

RCH CHR' 

\ / 

o o 

The exact constitution of the ozonides (which 
unless carefully prepared, and sometimes un¬ 
avoidably, are partly or wholly polymeric 
derivatives) is uncertain, but the isolable 
monomeric forms appear most often to bo of 
<^thor-peroxidc type, as shown in the equation. 
Those relatively stable forms may well, however, 
bo preceded by loss stable primary forms, the 
molozonidos of {Staudinger (Ber. 1925, 58 [B], 
1088). 

The ozonides as a class are easily decomposed, 
and in many cases decompose spontaneously 
with great violence when isolated from solution; 
their solutions, however, are relatively stable. 
The regulated decomposition of the ozonides of 
olofinic substances affords the most valuable 
diagnostic evidence concerning the olefinie con¬ 
stitution, and especially of the double bond 
position. It is usual to bubble approximately 
the theoretically required amount of ozone (as 
ozonised oxygen) through a solution of the 
olefinie substance in an inert solvent at about 
0® (over-ozonisation is to be avoided), then to 
remove the solvent at reduced pressure, and 
finally to decompose the ozonide (1) by warming 
or vigorously stirring it with a large excess of 
water, (2) by reducing it, either catalytically with 
hydrogen in presence of finely-divided platinum 
or by zinc and acetic acid, (3) by heating it with 
powdered Raney nickel in an inert solvent 
(Cook and Whitmore, J. Amer. Chem. Soc. 1941, 
63, 3540), or (4) by stirring it with an alkaline 
suspension of silver oxide at 90-95°. The pro¬ 
ducts are aldehydes, ketones or mixtures of 
these, 

R-^^MeR'R CHO+R' COMe+HjO, 


but usually the aldehydes are partly converted 
(wholly by method 4) into the corresponding 
carboxylic acids. 

For the quantitative oxidative cleavage of 
the ozonides of olefins of high mol.-wt., «ee 
Asinger (Ber. 1942, 76 [B], 656); for the esti¬ 
mation of the unsaturation of olefinie polymers 
of high mol.-wt., see Cheyney and Kelley (Ind, 
Eng. Chem. 1942, 34, 1323). For review of 
ozonisation technique, see Long, Chem. Rev. 
1940, 27, 437. 

Thiocyanogen .—This reagent (usually gene¬ 
rated in situ from sodium or plumbous thio¬ 
cyanate) adds to the double bonds of olefins to 
give di-thiocyanates: 

R CH:CHR'+(SCN)2 

R'CH(SCN)CHR'(SCN). 


The dithiocyanatos of various of the simpler 
olefins are crystalline compounds, suitable for 
characterisation of the latter (Lermor and 
Dysinger, J. Amer. Chem. Soc. 1939, 61, 750). 
The additive reaction has been applied by Kauf- 
mann (Arch. Pharin. 1925, 263, 675) to the 
quantitative estimation of the unsaturation of 
olefinie substances, especially to that of the 
drying oils (^ee this Vol., p. 616). 

Nitrogen Compounds. —Nitric oxide reacts 
with olefins, liberating nitrogen and forming 
inter alia isomeric nitro-olefins, C/jH 2 n_iN 02 , 
and jp^ewdonitrosites, R-CH(N02)'CH(NO)R' 
(Bloomfield, J.C.S. 1944, 120). Nitrogen tri- 
oxido and tetroxido react additivcly, forming 
pseudomtTO&iteB and dinitro-compounds. 

RCH(N02)CH(Nt)a)R', 

respectively. Nitrosyl chloride yields nitrosyl 
chlorides, R-CH (NO)*CHCIR', which are fre¬ 
quently crystalline, and therefore suitable for 
the characterisation of the parent olefins. 

Aromatic Bases. —Aromatic bases, nnd es¬ 
pecially aniline and toluidine, unite wnth olefins 
when heatod wdth the latter in presence of a 
hydrohalide of the bfvsc. Two types of addition 
occur: 

RCHiCH^+PhNHg 

R CHMeiCQH^ HH^) and R CHMe(NHPh). 

Hydrogen Sulphite .—Oxygen and peroxides 
catalyse the addition of sodium bisulphite to 
olefins (Kharasch et al., J. Org. Chem. 1038, 3, 
175): 

R CHiCHR^-! NaHSOg 

RCH 2 CHR'(S 03 Na). 

Alkali Metals. —a«-I)iaryl-, triaryl-, and tetra- 
aryl-olefins add alkali metals, giving mono- 
molecular or polymolecular metallic derivatives 
(Schlenk, Annalen, 1928, 463, 1 ; 1930, 479, 58, 
78): 

2Ph2C:CH2+2Na 

PhgCNaCHaCHa-CPhaNa 
Ph 2 C:CPh 2 -f 2 Na -> PhgCNaCPhgNa. 

Metal Salts .—Olefins form complexes with 
numerous metallic salts, e.g., with CuCI, ZnCL, 
FeClj, AICI„ PtCIg, and KgPtCI^. The lower 
olefins are absorbed by solid cuprous chloride, 
so forming easily dissociated compounds {see 
Gilliland et al.j J. Amer, Chem. Soc. 1936, 61, 
1960). 

Substitutive Reactions. — Under non¬ 
polar conditions of reaction many reagents com¬ 
bine with olefins substitutively at the carbon 
atoms adjacent to the double bonds. Such 
reactions appear usually to involve chain 
mechanisms, and are probably initiated at the 
double bond. Illustrative of these a-methylenic 
substitutions are the following : 

Halogenation .—Olefins of the type 

CRR':CHR and CRR':CR"R'" 

are substituted by chlorine and by bromine at 
low or moderate temperatures and at (about) 
atmospheric pressure (GroU, Heame, et al., 
Ind. Eng. Chem. 1939, 31, 1239, 1413, 1530). 
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Reaction occurs in the absence of light and 
without other catalyst than the walls of the 
vessel. Thus isobutylene yields with chlorine 
CH2CI CMe:CH2 (87%), CMegtCHCl, (3%), 
CMegCI (1%), CMegCI-CHgCI (6%), and 
saturated dichlorides and trichlorides (3%). 
Normal olefins, and ethylene, require higher 
temperatures of reaction than branched-chain 
ethylcnes. 

Maleic Anhydride .—Olefins combine with 
maleic anhydride, and with maleic esters to give 
(mainly) olefin-succinic anhydrides or succinates 
when heated with the latter at temperatures 
above 200” (Farmer, Trans. Faraday Soc. 1942, 
38, 340); 

RCH 2 CH:CHCH 2 R+C 4 H 203 

R CH2 CH(C4H303) CH;CHR 

A somewhat similar reaction occurs when olefins 
are heated with maleic anhydride in solvents 
(benzene, toluene, etc.) containing a little 
dibonzoyl peroxide (Farmer and Farmer, un¬ 
published work), or sometimes (Wagner- 
Jauregg, Bor. 1930, 63 [BJ, 3213) without the 
addition of peroxide. 

Autoxidation .—Oxygon combines in some 
degree with most olefins, and the ease of reaction 
increases with increase in unsaturation, and 
with increase in illumination; absorption of 
oxygen can, however, often occur slowly in 
the dark—thermally promoted. Normally the 
primary reaction products are peroxides, but 
as these are often unstable (especially at tem¬ 
peratures above room tc'mporature) the end 
products isolated are most often mere secondary 
oxidation products of the original olefin, the 
peroxides serving as oxidising agents. Olefins 
of the typo R-CHg'CHiCHR' give hydroper¬ 
oxides R CH(OOH) CH:CHR', which undergo 
secondary reaction (intramolecular or inter- 
molecular) to form numerous oxygono-com- 
pounds, including unsaturated alcohols, 

R CH(OH) CH:CHR', 
epoxy-compounds 

R CHg CH O CHR', 


double-bond cleavage products and polymeric 
derivatives (Farmer and Sundralingham, J.C.S. 
1942, 121 ;\Farmer and Sutton, ibid., p. 139). 
Ethylene reacts only on being heated with 
oxygen, the oxygenated products containing 
but little undecomposed peroxide; a«-diphenyl- 
ethylene gives highly polymerised peroxides, 
•CPhjCHjOOCPha-CHjOO-; styrene ab¬ 
sorbs a little oxygen and rapidly polymerises, 
unless a polymerisation-inhibitor is employed, 
lie substitutive peroxidation characterising 
ethylenes and unconjugated polyolefins is in con¬ 
trast to the terminally additive (usually poly¬ 
meric) peroxidation characterising conjugated 
di-olefins {see Farmer, Trans. Faraday Soc. 1946, 
42, 228)» The absorption of oxygen by olefins is 
often greatly accelerated by the presence of 
organic and inorganic salts of iron, copper, 
cobalt, manganese, and lead, also by ^ely 
divided nickel; certain of these salts influence 
also the decomposition of peroxides. 
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Diolefins and Polyolefins. See Di¬ 
olefins, Vol. II, 856; II, 151a, 1566. 

Cyclic Mono-, Di-, and Poly-olefins. 
See Cyolenbs, Vol. Ill, 532a, 5346. 

E. H. F. 

OLEO-RESINS. The oleo-resins consti¬ 
tute a large group of natural products, the chief 
constituents of which are volatile oil and resin. 
The essential oil may be separated oy steam 
distillation or distillation under reduced pres¬ 
sure, the remaining resinous portion forming a 
solid or semi-solid ma,S8, usually of a sticky 
consistency. 

The more important natural oleo-resins, fre¬ 
quently known as balsams, comprise the follow¬ 
ing : (1) Balsam of Peru, (2) Canada Balsam, 
(3) Chian Turpentine, (4) Copaiba Balsam, 

(5) Elemi, (6) Gurjim Balsam, (7) Ladanum 
(Labdanum), (8) Mecca Balsam (Balm of 
Gilead), (9) Turpentine, (10) Venice Turpentine. 
In addition to these, there are galenical products 
used in medicine, prepared from raw materials 
by extraction with solvents, the chief of which 
are: (11) Capsicine (Oleo-resin of Capsicum), 
(12) Oloo-resin of Cubebs, (13) Gingorine (Oleo- 
resin of Ginger), (14) Male-fern Extract, also 
known as Oil of Malcfern, (15) Oleo-resin of 
Parsley. 

In the following brief description of these oleo- 
resins, the relevant reference only is given of 
those already described in earlier volumes of the 
Dictionary. 

(1) Balsam of Peru (v. Vol. I, 6166). 

(2) Canada Balsam (Canada Turpentine) 
{V. Vol. II, 261a). 

(3) Chian Turpentine is the turpentine 
derived from a small tree Pistacia terebinthus 
Linn., whi(;h inhabits the shores of the Mediter¬ 
ranean and Asia Minor. It was formerly used 
in medicine but is not now recognised in this 
country as of any particular value. 

(4) Copaiba Balsam (?;. Vol. Ill, 3376, 
338). 

(5) Elemi {v. Vol. TV, 275a). 

(6) Gurjun Balsam, also known as Avood oil 
but not to be confounded with Chinese Wood 
Oil which is an entirely different product. 
Gurjun Balsam is the product of various species 
of Dipterocarpus and it is obtained in Burma. 
It is used as a substitute for and as an 
adulterant of Copaiba which it resembles in 
appearance {v. Vol. Ill, 337d). 

(7) Ladanum (Labdanum) (v. Vol. VII, 175d) 

(8) Mecca Balsam (Balm of Gilead) (v. 
Vol. VII, 545d). 

(9) Turpentine (g.v.). —The oleo-resinous 
exudation from various species of coniferao. It 
is by far the most important member of the 
group of oleo-resins and is widely used as the 
source of oil of turpentine employed in paints 
and varnishes as well as for medicinal purposes. 
A full description of its characters, chemistry, 
and uses will be given in a laUir volume of this 
Dictionary. Various tyfjes of turpentine ar*> 
known under descriptive names such as Venice 
Turpentine {v. infra), Strassbufg Turpentine, 
Hungarian Turpentine, Greek Turpentine, 
Himalayan Turpentine, Jura Turpentine, etc. 

(10) Venice Turpentine (Larch turpentine). 
—The natural exudation from the bark of 
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Larix dec/idm Mill, chiefly obtained from the 
T^^rol. The analytical constituents are as 
follows: acid value 64-77, saponification value 
97-133, iodine value about 148, acetyl ester 
value 109-119. Much of the so-called Venice 
ttirpentine sold in commerce is a factitious article 
consisting of colophony, resin oil, and oil of 
turpentine. 

Galenical Ot.eo-resins. 

(11) Capsicine. —Oleo-resin of Capsicum (v. 
Vol. II, 2736, 2756). 

Capsicine contains essential oil, rosins, and a 
crystalline substance, capsaicin, which is the 
pungent principle. Capsaicin, m.p. 64-65°, 

consists of T^-methyl-id^-nonenylvanillylamide: 

OMe 



)CH2NHCO[CH2]4CH:CH-CHMe2 


(Nelson and Dawson, J. Amer. Chem. Soc. 1923, 
46, 2179 ; Spath and Darling, Ber. 1930, 63 fB], 
737). Capsicine has p 0*925-0*94() and 1 -465- 
1-479. The acid value varies from 90-120 when 
alcohol is used and from 100-110 when ether or 
acetone is used. 

(12) Oleo-resin of Cubebs. —Prepared by 
extracting with ether the powdered dried unripe 
fruits of Piper cuheba Linn., Fam. Piporaceie. 
It is a green viscid liquid with a strong peppery 
odour and contains a volatile oil (v. Cubebs, 
Essential Oil of, Vol. Ill, 455e), a fatty oil, 
several resins of undetermined composition, and 
cubebin, 

R-CHgCH-CHO 


R-CHgCH-CHgOH 



(Haworth and Kelly, J.C.S. 1937, 384), which 
crystallises in slender prisms, m.p. 132°, fa]p 
—17-1°, semicarbazone, m.p. 144°. The yield 
from the drug varies from 10-30%, the specific 
gravity from 0-985-1-020, and the refractive 
index from 1-500-1-501. It is used in medicine 
as an internal antiseptic in gonorrhoea and in 
the forpi of lozenges as an expectorant and 
stimulant to the bronchial mucous membrane. 

(13) Oleo-resin of Ginger. —Gingerine. 
Prepared by extracting with acetone, alcohol, or 
ether the dried rhizome of Zingiber officinale 
Roscoe, Fam. Zingiberacese. Ginger rhizome is 
cultivated in the West Indies, Africa, Java, and 
other tropical countries. 

The oleo-resin is used medicinally as a 
stomachic and is sometimes added to purgatives 
to prevent griping. It is also used as a flavour¬ 
ing agent. 

Gingerine has p 1-026-1-045, n^ 1*515-1-625. 
The pungent constituent is gingerol (v. Gingeb, 
Vol. V, 633). To estimate the gingerol about 
1 g. is extracted several times with light 
petroleum, which is then evaporated; the 
residue is dissolved in 60% alcohol and the 
alcohol and the alcoholic solution e^ctracted 


w'ith light petroleum. The alcohol is then 
evaporated and the residue extracted three 
times with ether; the ether is evaporated and 
the gingerol weighed. Gingerol rapidly loses its 
pungency when warmed with 2% sodium 
hydroxide. It is a mixture of homologous 
phenolic substances. The volatile oil of ginger 
has no pungent properties (v. Ginger, Essential 
Oil of, Vol. V, 535d). 

(14) Oleo-resin of Malefern (v. Vol. V, 
180d-182d). 

(15) Oleo-resin of Parsley, also known as 
Apiol. It is prepared by extraction with 
alcohol or ether from the fruits of Cariini 
petroscliniim Bcnth. et Hook, Fam. Uml)elli- 
fera 3 . It is official in the British Pharmaceutical 
Codex under the title Apiol^ It is a green oily 
liquid, p 1-055-1-091, having a peculiar odour 
and a disagreeable acrid taste. It is used 
medicinally in d v smenorrhma and amenorrhoca 
and as a diuretic. It contains apiole (1-allyl- 
2:5 - diraothoxy - 3:4 - methylenedioxj^benzene) 
which occurs in acicular crystals, m.p. 29-30°, 
having an odour of parsley. Apiole dissolves 
in sulphuric acid giving a characteristic blood- 
red colour. 

C. T. B. 

OLIGOCLASE v. Felspar. 

OLIVE. The fruit of Olea europsca L., is 
used mainly as a source of olive oil and also for 
table use. For the latter purpose it is commonly 
conserved by piclding in brine. 

The fruit, of which a number of varieties are 
market'd, consists approximately of seed 2-5, 
stone 17, and flesh 80% by weight. The foUow-- 
ing is typical of chemical analyses : 
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Olivos are usually pickled in brine to which 1% 
of acetic or lactic acid'is added. Lactic acid is 
said to impart a better flavour to the fruit. 
During pickling olives tend to darken to a 
brownish colour, a certain amount of acid 
fermentation taking place. Lactobacillus cul¬ 
tures improve the colour and appearance of the 
pickled fruit. Addition of sodium benzoate 
improves the conservation of olives. W. V. 
Cruess et al. (Fruit Products J. 1941, 21, 113) 
in a discussion of pickling and processing of 
olives records promising results of “ frozen 
storage ” methods for conserving olives. 

Olives contain a glucoside oleoeuropein which is 
hydrolysed by emulsin (present in fruit, leaves, 
and bark) yielding glucose (Power and Tutin, 
J.C.S. 1908,93, 891, 904; Pharm. J. 1908, [iv], 
27, 714). 

Finely ground olive stones have been used to 
adulterate pepper. This adulteration is com¬ 
monly detected by the red colour formed on 
treating the sample with hot dimethyl-p- 
phenylencdiamine. The tost is said not to be 
specific and R. Paris (Bull. Sci. Pharmacol. 1941, 
48, 17) recommends the use of phloroglucinol 
in hydrochloric acid which produces a red 
coloration in the lignifiod tissue of the olive 
stones. Bottled olives are said to contain 
approximately 1,000 international units of 
vitamin-A per 100 g. 

A. G. Po. 

OLIVE OI L is obtained from the fruit of the 
olive tree Olea europfca (sativa) L., which thrives 
best in a sub-tropical climate and is cultivated 
extensively in all the countries bordering the 
Mediterranean. It is also cultivated in Australia, 
South Afri(!a, and California, but cultivation in 
India has so far proved unsuccessful since, 
although the tree grows and flowers, the fruit 
seldom roach maturity. The tree normally 
begins bearing at 8-10 years, the greatest yield 
of fruit is obtained at about 20 years, the tree 
bearing fruit for over 100 years, each tree yielding 
between 30 and 200 kg. of olives a season. The 
weight of individual olives varies from 2-10 g., 
the kernel being about 50% of the whole for 
small fruit, diminishing to under 10% in the 
largest. In the best cultivated types the fruits 
weigh from 2 to 6 g., the kernel being 10-30%. 
The oil content of the fruit rises to a maximum 
when the fruits are fully ripe and then de¬ 
creases slowly, the fleshy pericarp of the best 
cultivated fruit containing 40-60% of oil as com¬ 
pared with 10-30% for Algerian and Californian 
fruit. 

The finest oils are obtained from hand-picked 
fruit by crushing in a mill without breaking the 
kernels, or by peeling hand-picked fruit and 
pressing lightly after removal of the kernels. 
The crushed marc is then pressed in a hydraulic 
press of the “ Marseilles ” type to a pressure of 
300 atm., jdelding the best edible or “ virgin 
olive-oil.** A further yield of oil is obtained by 
pouring cold water on to the marc after the 
pressure has been released, and repressing. 

The pulp is then removed from the press, 
mixed with hot water and again pressed, when 
oil, primarily used for soap-making, lubricatmg 
and illuminating, is obtained. The pulp, which 
* still contains 10-20% of oil, is beaten with hot 


water, ground in special mills, and the water 
separated. The emulsion of oil and tissue is 
then hot-pressed, the oil, “ huile de ressence,** 
being allowed to stand at an elevated tempera¬ 
ture, when a clear layer separates on the top 
over a layer of thicker oil, “ olive oil grease.** 
The oil cake remaining is then solvent ex¬ 
tracted. 

Fermentation of the marc in pits is an alter¬ 
native to boiling with water, the oil set free, 
“ huile d’enfer,” frequently containing 60-70% 
of free fatty acids, being skimmed off. 

In the more modern methods of extraction 
the fruits are broken up in stone-edge running 
mills and the pulp and seeds placed in specially 
constructed iron cage presses or fed continuously 
in an expeller press. Alternatively a centrifugal 
process is employed in which the pulped fruits 
arc pressed through a wire screen to remove the 
seeds, the pulp being centrifuged. By either 
of these methods 60-70% of the oil present is 
recovered as first-grade qualitj^ in one operation, 
second grade oil being obtained by solvent ex¬ 
traction of the residual marc. Such oils are 
termed “ sulphur olive-oils ” although solvents 
other than carbon disulphide, viz. light petroleum 
and trichloroethylene, arc frequently used. Sul¬ 
phur olive-oils are thick liquids, dark green in 
colour due to extracted chlorophyll. 

. The finest grades of olive oil require only 
filtration. Mucilage and vegetable tissue es¬ 
caping into the oil are removed by settling in 
tanks, either alone, after boiling with water or 
brine, or after injecting a current of steam, the 
clear oil being drawn off from above the sett¬ 
lings. Oils which contain a higher percentage 
of free fatty acids, and which arc darker in 
colour, are alkali refined, bleached, and de¬ 
odorised, the olive aroma being re-introduced 
by adding a small quantity of crude oil to the 
refined product. For oils with a higher free 
fatty-acid content, the free fatty-acids can bo 
removed by distillation. Sulphur olive-oils are 
refined by first removing the mucilage, but th(^ 
product cannot be satisfactorily alkali-refined 
since the soap-stock contains approximately 
half its weight of neutral oil. Part of the free 
acidity is therefore removed by distillation, the 
residue being alkali-refined. 

The finest grades of olive oil vary from yellow 
to greenish-yellow in colour, second grades 
green to brownish-green, usually clear and 
limpid; extracted oils are cloudy, viscous, and 
offensive-smelling. 

The following physical and chemical cha¬ 
racteristics have been recorded: 0*914- 

0*920, njf 1*471, setting-point below O'*, 
saponification value 189-195, iodine number 
80-85, acetyl value 5-11, free fatty-acids as 
oleic 1-10% (sulphur olive-oil 10-70%), un- 
saponifiable matter 0*5-1 *5%. 

* Olive oils appear to fall into two distinct 
types. All except those from the Mediterranean 
islands and from Tunisia resemble one another 
in containing approximately 9-10% palmitic, 
2% stearic, not more than 7% linoleic, and 80% 
oleic acid (G* S. Jamieson and W. F. Baughman, 
Oa and Fat Ind. 1925, 2, 40, 110; ibid, 1927, 4, 
426; T. P. Hflditch and E. C. Jones, J.C.S. 
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1932, 805 ; T. P. Hilditch and H. M. Thompson, 
J.S.C.L, 1937, 56, 434; B. G. Gunde and T. P. 
Hilditch, ibid. 1940, 59, 47; T. P. Hilditch and 
L. Maddison, ibid. 1941, 60, 258). These oils, 
from Italy (earlier type), Spain, Palestine, and 
California are so similar in composition that j 
for the acids mentioned variations are almost | 
within experimental error. The Mediterranean j 
islands and Tunisian oils (V. Brandonisio, Chim. i 
0 . rind. 1936, 18, 14; G. S. Jamieson, R. M. 
Hann, and W. F. Baughman, Oil and Fat Ind. 
1927, 4, 63), and a more recent sample of Italian 
(Tuscany) oil (B. G. Gunde and T. P. Hilditch, 
l.c. ; T. P. Hilditch and L. Maddison, Z.c.), con¬ 
tain 15% or more palmitic, 10-13% hnoleic, and 
about 70% oleic acid, this possibly indicating 
that olive oil of somewhat different composition 
from the typical earlier olive oils is being pro¬ 
duced in recently developed areas. 

Considering the earlier type of Italian oils, 
since the component fatty-acid contents are 
constant, it follows that the component gly¬ 
ceride contents must be very similar. Triolein 
occurs to the extent of 30%, monolinoloodioloin 
25%, and monosaturated dioleins 45% (mol.), in 
contrast to the oils of higher linoleic acid content 
which contain only about 6% (or less) triolein, 
with about 36% monolinoleodioleins, 6% mono- 
saturated monolinoloo-oloins, and 35% saturated 
dioleins (Hilditch and Maddison, Z.c.). The 
content of these glycerides in an olive oil is of 
some significance with regard to its suitability 
for packing or convoying of other edible pro¬ 
ducts, e.ff., fish, vitamin concentrates, etc., and 
for use in textile industries, since the percentage 
of molecules containing the much more readily 
oxidisable linoleic acid is of the order of 40 as 
compared with 25 in the case of Palestinian 
olive oil (which can be regarded as typical of 
genuine oils of the earlier type). 

The highest grades of oUve oil are used for 
edible purposes, intermediate grades for the 
manufacture of textile oils and, together with 
the distilled acids obtained from high-acid oils, 
for high-grade soaps. The lowest grades of sul¬ 
phur oHve-oils are suitable for lower-grade toilet 
and Castile soap; a high-grade soap would result 
from such oils if the colour could be effectively 
removed. 

Substitutes for olive oil, primarily used in 
textile industries, include slightly hydrogenated 
groundnut oil, reprocessed olive oils made from 
the distilled fatty acids of high-acid oils, or of 
high-acid oils esterified with glycerol. Olive 
oil fatty-acids esterified with cycZohoxanol have 
also been used. A substitute for edible purposes 
is obtained by infusing a refined vegetable oil, 
cottonseed or groundnut oil, with 10% ground 
salted ripe olives (S. Musher, Oil and Soap, 1934, 
20, 26). 

On account of the relatively high price of olive 
oil it is frequently adulterated with teaseed oil^ 
this being more difficult to detect than oils such 
as arachis, cottonseed, sesam4, or rape oil* The 
undeclared blending of solvent extracted and 
expressed oilfl is considered to be fraudxdent, 
detection of such blending often being difficult. 
Tests have been proposed (Amer. Oil Chem. 
Assoc, test. Oil and Fat Ind. 1931,181, 197) for 
the detection of residual sulphur by blackening 


of silver benzoate, but this fails in the case of 
highly refined carbon disulphide-extracted oils 
and those extracted with trichlorethylene. 
Bromophenol Blue has been used for detecting 
traces of alkali left in the oils after refining (A. 
Romeo, Olii minerali grassi e saponi colon e 
vemici, 1939, 19, 88). A further test depends 
on the fact that extracted oils give a persistent 
rod colour with acetic anhydride and sulphuric 
acid (Fachini, Ind. olii, min. e grassi, 1930, 10, 9). 
Most virgin olivo-oils show a yellow fluorescence 
in ultra-violet light, whereas refined oils, whether 
expressed or extracted, and most seed oils, give 
a blue fluorescence (MarciUc, Ann. Falsif. 1928, 
21, 189; Gisondi, R. Staz. Chim. Agrar Sperim 
Roma, 1931, publ. No. 276; Luconte, Atti X° 
cong. intern, chim. 1939, 4, 594). This however 
is not conclusive, since some seed oils give a 
yellow fluorescence, whilst unrefined expressed 
olive oils have been known to give a blue 
fluorescence. The high value for the iodine 
number of the unsoponifiable matter in olive 
oil (197-206) and the great difference between 
this and the lower values (117-124) for oils used 
as adultciants gives another useful method for 
detection of adulteration (Bolton and Williams, 
Analyst, 1930, 55, 5). 

The residual cake has little or no feeding value 
on account of the high fibre content, and if fed 
the hard, sharp, broken pits may cause injury 
to the digestive tract. 

M. L. M. 

OLIVENITE. A basic copper arsenate, 
CUj,(As 04 ) 2 ,Cu ( 0 H) 2 , crystallised in the 
orthorhombic system’ It forms small crystals 
of prismatic habit; or more usually globular 
aggregates of radiating needles, sometimes so 
fine that the material has a velvety appearance. 
The characteristic olive-green colour (hence the 
name) ranges from a dark shade in the crystals 
to pale or almost white in the finely fibrous 
masses; the latter variety is known as wood- 
copper, p 4-1-4-2. It was formerly found in 
some abimdance in the upper workings of the 
copper mines near St. Day in Cornwall, and also 
in the Tintic district in Utah. In Cornwall it 
has resulted from the alteration of chalcopyrito 
and mispickcl, while in Utah the mother mineral 
was enargite (CUgAsS^). The arsenic is some¬ 
times partly replaced by phosphorus, forming a 
passage to the isomorphous and very similar 
mineral libethenite (CU3(P04)2,Cu(0H)2) 
originally found at Libethen in Hungary. 

L. J. S. 

OLIVER’S BARK. BlacJc Sassafras. The 
drug is the dry bark of Cinnamomum oliveri, a 
tree native in New South Wales and Queensland. 
The tincture prepared from it has carminative 
and antiseptic properties and is prescribed in 
Australia as a substitute for cinnamon {v. 
Cinnamon and Cassia, Vol. HI, 182a). The 
active principle of the bark is the essential oil, 
which contains d-oamphor 18-20, eugenyl 
methyl ether 40-46, pinene 12-16, and safrolo 
25-27% (Hargreaves, J.C.S. 1916, 109, 761). This 
! oil differs markedly in composition finom essential 
oil of cinnamon (v. Cinnamon Bank, Essential 
j Oil of, Vol. Ill, I83a; also Vol. VIII, e66c). 

I J. N. G. 

OLIVETORIC ACID (r. Vol. VII, 294c). 
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OLIVINE. An abundant rock-forming 
mineral group, essentially silicates of mag¬ 
nesium and ferrous iron, (Mg,Fe) 2 Si 04 . A 
complete isomorphous series exists ranging from 
for sterile, IVIg 2 Si 04 , through chrysolite and 
hortonolite to/ayali^e, FCgSiO^. The commonest 
olivines are richer in magnesium than in iron, 
approximating to chrysolite in composition. 
Nickel and titanium are frequently present in 
minute quantities. The olivines crystallise in 
the orthorhombic system ; well-formed crystals 
are rare, and the mineral usually occurs as 
granular masses or as disseminated glassy 
grains. Forsierite is colourless or pale yellowish- 
green, but with increasing iron the colour deepens 
through olive-green to reddish-brown or even 
black in fayalite. Grains are transparent to 
translucent, with a distinctive vitreous lustre. 
p 3-2-4-3, increasing concomitantly with iron; 
hardness 6|~7. The mineral is slowly soluble in 
hydrochloric acid, yielding gelatinous silica upon 
evaporation. Individual members of the olivine 
group can be distinguished by accurate deter¬ 
mination of refractive indices, optic axial angles, 
and density. By weathering, the olivines readily 
alter to serpentine, with iron oxides, magnesite, 
opal, and garnierite as possible accompany¬ 
ing products of decomposition. Forsterite is 
typically found in thermally metamorpho ed 
dolomitic limestones, and occasionally in basic 
igneous rocks; fayalite is uncommon as a 
naturally occurring mineral, but is an abundant 
silicate constituent found crystallised in many 
metallurgical slags. Common olivine is of 
widespread occurrence in many basic and ultra- 
basic igneous rocks such as gabbro, basalt, and 
peridotite, the rock known as dunite being com¬ 
posed almost wholly of olivine. The mineral is 
also an important constituent of stony meteo¬ 
rites. Valuable deposits of chromite, diamond, 
nickel, and platinum are typically associated 
with olivine-rich igneous rocks. 

The transparent olive-green variety of olivine, 
peridot, and the clear yellowish-green variety, 
chrysolite, rank as semi-precious gemstones. 
Peridot comes mainly from St. John’s Island in 
the Red Sea, and is also collected from gravels 
in Arizona and New Mexico, Olivine has 
recently acquired considerable importance as a 
basic refractory material. It serves well in 
forging and reheating furnaces, as the back wall 
and roof of open-hearth steel furnaces, and 
above the slag fine in the walls and arched roofs 
of non-ferrous furnaces. The best natural 
material for making olivine bricks is the rock 
dunite, which contains about 40% of silica, 
50% of magnesia, and 6% of ferrous oxide. The 
larger the proportion of forsterite the rock 
contains the better wiU be its quality, because 
pure forsterite melts at l,910®o., has a high 
rofractoriness-under-load, and adequate crush¬ 
ing strength when cold. The cheap artificial or 
synthetio “ forsterite ” brick, which has excel¬ 
lent refractory qualities, can be produced in 
several ways, e.gr., by mixing olivine with 
magnesia, or talc wdth magnesia, or magnesite 
with silica rock. Good olivine bricks contain 
approximately MgO 67, SiO* 31, FeO 6 , and 
CaO 3%; they have a bulk-oensity of 2*6, and 
a true density of 3*3. They are almost neutral 
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in reaction at high temperatures, but in the 
presence of slag and flue-dust they may react 
with silica bricks and fireclay bricks. Bricks 
composed of olivine and chromite are more 
refractory under load than ordinary chromite 
bricks. Olivine is marketed in moulded bricks 
and in cut blocks of dunite. It is likely to rival 
dead-burned magnesite as a refractory, especially 
as it can be produced more cheaply. About 
4,500 tons of natural olivine were used for re¬ 
fractory purposes in the United States in 1941. 
A small quantity of the mineral was employed 
in the production of Epsom salts (MgSO^). 
Olivine is also a potential source of magnesia for 
making metaUic magnesium. 

Itejerences. —A. B. Searlo, “ Jlefractory Materials : 
their Manufacture and Uses,” 3rd ed., liondon, 1940 ; 
S. 1. 'J'omkeieir, “ Zoned Olivines and their Pctrogenetic 
Significance,” Min. Mag., 1939, 25, 229. 

I). W. 

ON ION (AZh'am cepa L.). The edible onion 
bulb consists of an axial arrangement of fleshy 
scales which form the leaf bases of the growing 
plant. The bulbs of the common onion normally 
develop singly from seed in one season. Other 
varieties, e.g., shallots. A, ascalonicum, are pro- 
j)agated by planting single mature bulbs which 
divide and produce clusters of 4-10 new bulbs. 
Others again, e.g., perennial or “ tree ” onions, 
may or may not flower but produce young 
bulblets on aerial stems. The bulblets may be 
used for culinary purposes or allowed to mature 
and planted again for further propagation. 
The “Welsh” onion, A. Jistulosum, forms a 
cluster of thickened blanched loaf bases but no 
actual bulb as in the common onion. Recorded 
analyses show the average percentage com¬ 
position of onions to be : 
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1 U.S. Dept. Agric. Kept. 1881- 82, 555 ; 1883, 240. 

2 New York Agric. Kxp. Sta. Kept. 1883, 151. 

3 von Schleinitz, Landw. Jalurb. 1918, 62, 151. 

4 AgcaoiU, Philippine J. Sci. 1910, 11, 9l. 

A. Kihara (J. Agric. Chem. Soc. Japan, 1934, 
10, 417) also records analyses of bulbs of AUium 
species and varieties not commonly known in 
this country. 

The pungent volatile oil of onions consists 
largely of allyl propyl disulphide, CeH^gSa, 
together with a small proportion of a higher 
sulphide (F. W. Semmler, Arch. Pharm. 1892, 
280, 443) and a very small amount of a sub¬ 
stance apparently identical with the higher¬ 
boiling fraction of oil of asafeetida. The oil 
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content or “ pungency ” of onions may bo deter¬ 
mined in several ways on the assumption that 
the essential constituents are all of the disul¬ 
phide (R'—S—S— R'O type. Thus W. H. 
Paterson (J. Amer. Chom. Soc. 1914, 36, 1290) 
distils the fresh material and collects the distil¬ 
late in copper oxide, the copper sulphate formed 
boing subsequently determined as barium sul¬ 
phate. H. Platenius (J. Agric. Res. 1935, 61, 
847) hydrolyses the material with acid and distils 
in steam, oxidising the distillate with bromine 
water and precipitating the sulphur as bcarium 
sulphate. The American Association of Official 
Agricultural Chemists recently adopted the 
Gros-Pichon method (J. Pharm. Chim. 1934, 19, 
249) in which the volatile matter is distilled into 
ammoniacal silver nitrate, excess of which is 
ascertained volumetrically after removal of 
silver sulphide by filtration. Alternatively the 
volatile sulphur may be extracted with water, 
the extract being hydrolysed with acid, reduced 
with zinc dust, and treated with p-aminodi- 
methylaniline to form Methylene Blue. 

The carbohydrate constituents of onions have 
not been examined extensively. The total 
sugar content ranges from 2 - 2 - 5 - 8 % in different 
varieties, and changes but little during storage. 
E. Bennett (Proc. Amor. Soc. Hort. Sci. 1941, 
39, 293) reports a maximum loss of only 8 J% 
of the carbohydrate during storage for 3 ^ 
months. Kihara (lx.) records the presence of 
acorodose in A. scorodoprasum and of fructane 
in other varieties. Inulin and mannitol, but not 
dextrin, have also been detected. Wittmann (Z. 
landw. Oesterr, 1901, 4, 131) found 0-25% of 
pentoses in onions. The phytin content of 
onions appears to be high, Bagoisan (Philippine 
Agric., 1932, 31, 63) finding 4 7% in the dry 
matter. 

A. L. Winton, “ Structure and Composition of 
Foods,” V^ol. II, quotes the percentage mineral 
composition of fresh onions ; water, 86 , 89; fotal 
ash, 0-7, 0*5; KgO, 0-25, 018; NagO, 002, 
001; CaO, 0 16, 004; MgO, 003, 0 * 02 ; 
PoOg, 0 13, 007; SO 3 , 004; SiOg, 0-07; 
Cl, 0 - 02 . Among “ trace ” elements reported 
are the following; Fe, 150; A I, 90; Mn, 60; 
Cu, 11 ; Zn, 2-4 mg. per kg. dry matter. 

The vitamin contents of onions have been 
examined by a number of analysts. Average 
values are : thiamin 24-33 /ig., riboflavin 123 /tg., 
nicotinic acid 0*77 mg., ascorbic acid 14*6-14-4mg. 
per 100 g. of fresh material. Storage of onions 
in pits involves little loss of ascorbic acid (G. L. 
Demovskaya-Zelentsova et al., Proc. Sci. Inst. 
Vitamin. Res. U.S.S.R. 1941, 3, 276), but on 
cooking about 25% of the total ascorbic acid 
passes into the cooking water. 

A. G. Po. 

ONOFRITE (t;. Vol. VII, 562d). 

ONONIN (v. Vol. VI, 92d). 

ONONIS ROOT. Heat harrow. Ononis 
epinosa (Fam. Papilionacese). A common Euro¬ 
pean plant; the extract of the root is prescribed 
as a diuretic. It contains the tsoflavone gluco- 
side ononin (Vol. V, 259c; VI, 92d), a triter- 
ponediol, onocerol or onocerin (Zimmermann, A. 
1941, II, 73), and a saponin (Wagner, Amer. 
Chem. Abstr. 1941, 36, 3032). 

J. N. G. 


ONOSMA ECHIOIDES Tdnn., is a 
biennial plant frequent throughout the Western 
Himalaya from Kashmir to Kumaon; it is widely 
distributed from Siberia and Cabul to France. 
The root is used in the Punjab Himalaya and 
Trans-Indus region as a red dye for wool. It is 
also utilised as a substitute for alkanet {Anchusa 
tinctoria) and imparts a rich red colour to 
medicinal oils and fats, e.g.. Macassar oil. In 
Nepal the roots are boiled with oil and used as 
a hair dye. The bruised root, leaves, and 
flowers are employed medicinally (Watt, 
“ Dictionary of the Economic Products of 
India,” 1891, 5, 487). 

! The dye is readily cxtra(.*ted from the violet- 
coloured roots with alcohol, but is very sparingly 
soluble in water. The general properties and 
colour reactions of the dye are very similar to 
those of alkanet, and there can be little doubt 
that it contains either the same or closely allied 
colouring matters (Perkin and Everest, “ The 
Natural Organic Colouring Matters,” 1918, 
p. 73). 

E J C 

ONSAGER EQUATION. This equation 
(Onsager, Physikal. Z. 1926, 27, 388; 1927, 28, 
277) gave the first quantitatively satisfactory 
theoretical interpretation of the variation with 
concentration of the equivalent conductivity of 
a strong, completely dissociated electrolyte. It is 
based upon the inter-ionic attraction theory, the 
main postulates of which are duo to Debye and 
Hiickel {ibid. 192.3, 24, 185, 305, 334). For the 
mobibty of an ion (i.c., the contribution of one 
ionic constituent to the total equivalent con¬ 
ductivity) the equation is 
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where I and Iq are the ion conductances of the 
ion of valency Zi at concentrations C and zero, 
respectively, z'^ and z~ are the valencies of cation 
and anion, and D and y are the dielectric constant 
and viscosity of the solvent at the absolute 
temperature T. Also, 
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For the total equivalent conductivity of a uni¬ 
univalent electrolyte, the Onsager equation 
becomes 
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and if the solvent is water at 25®o., 

ri-rio-{0-2273rio-f59-78)VC' . . (3) 

The equation is seen to be of the same form 
as the “ square root law ” found empirical^ for 
strong electrolytes by Kohlrausch (Ann. Phys. 
Chem. 1886, [ii], 26, 161; 1893, [ii], 60, 386; 
Z. Elektrochem. 1907, 13, 333). The derivation 
of the mathematical theory is beyond the scope 
of the present article (for reviews, see Williams 
and Falkenhagen, Chem. Reviews, 1929, 6 , 317; 
Ealkenhagen, Rev. Modem Physics, 1931, 8 , 
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412), but the qualitative aspects of the theory 
are readily understood. 

Because of the electrostatic interaction 
between the ions, which diminishes in effect as 
the separation of the ions from each other in¬ 
creases with dilution, the arrangement of the 
ions in solution is not entirely random, but each 
ion tends to be surrounded by an “ atmosphere ” 
of ions of the opposite charge. This ionic 
atmosphere is entirely statistical in nature and 
represents only a small fractional degree of 
order as compared with the complete disorder 
appertaining to the molecules in solution of an 
uncharged solute. The effect is entirely recipro¬ 
cal ; each positive ion has a negative atmosphere 
and each negative ion has a positive atmosphere. 

Onsager’s theory is coiicemed with the effect 
of the imposition of a uniform electric field upon 
this “ stationary ” state. Consider a given ion 
moving under the influence of the applied field : 
as it proceeds, its ionic atmosphere must bo 
constantly renewed and this is a process which 
occupies a finite period of time, called the “ time 
of relaxation.” The atmosijhcre therefore lags 
behind the central ion and this asymmetry is 
electrically equivalent to a centre of opposite 
potential situated behind the central ion, which 
must therefore suffer a retarding force. It is 
(dear that this “ relaxation effect ” will d(q)cnd 
upon the mobilities of the ions concerned, since 
a swiftly moving ion can help to build up an 
atmosphere more quickly than a slower moving 
one. It will also depend upon the concentration, 
and the first term in the coefficient of ‘y/C in the 
Onsager equation, which expresses this effect, 
is seen to conform wdth these qualitative con¬ 
clusions. 

There is a second effect wdnch causes a reduc¬ 
tion in the ionic mobility, the “ electrophoretic 
effect,” expressed in the second term in the 
coefficient of \/C. Since the ions exert a 
polarising influence on the solvent molecules, 
they carry a certain amount of solvent with 
them in their motion through the solution. 
Since a given ion is surrounded by an atmo¬ 
sphere of ions which are moving in the opposite 
direction, it must therefore be subjected to an 
additional retardation due to an unfavourable 
counter-flow of solvent, which wiU be additional 
to the ordinary viscous resistance to the motion. 
In these terms, the various forces acting upon 
an ion moving with a steady velocity were 
summed algebraically in the Debye and Hiickel 
treatment; 

Outside applied electric force f cl(‘cf ric force 
of relaxation frictional resistance of medium 
-f- frictional force of electroidioretic effect. 

Onsager’s improvement on the original treat¬ 
ment consisted in the elimination of the ionic 
radius as an essential parameter in the cal¬ 
culation, in taking account of the Brownian 
movement of the ions, and in allowing for the 
mutual effect of the relaxation of both ionic 
atmospheres on each other. 

Validity of Onsager’s Equation for 
Aqueous‘Solutions. —The derivation of the 
equation involved a nuni’ber of simplifying 
assumptions and mathematical approximations, 
such that it could only be expected to apply 


as a limiting law' to very dilute solutions. Tests 
of the equation must therefore involve ex¬ 
tremely accurate conductivity measurements 
extending into the range of very low concen¬ 
trations and only modern data suffice. The 
satisfactory nature of the agreement between 
the equation and experimental results for 
clec^trolytes of diflbrent valency type is shown 
in Digs. ] and 2, which incorporate data duo to 
Shedlovsky (J. Amer. Chem. Soc. 1932, 64, 
1411), Shedlovsky, Brown, and Maeinnes (Trans. 
Electrochem. Soc. 1934, 66, 165), Shedlovsky 
and Brown (J. Amer. Cluim. Soc. 1934, 56, 
1066), Jones and Bickford {ibid. 1934, 56, 602), 
and Shedlovsky ((]uoted by D. A. Maeinnes, 
“ Principles of Electrochemistry,” New York, 
1939, p. 331) : the points are exj)erimental and 
the lines are those predicted by the equation. 

The equation can also be tested by altering 
it from the form A=Aq~{(xAq+^)\^C into 

Ao^-iA+pVmi-aVC) . . (4) 

which can be used to calculate Aq from each 
experimental A value. The results of such a 
calculation are shown in the following table, for 
the case of potassium chloride solutions at 
25^c. 


l(p. ' 

(.)b«crvc.(l A. 

Calculated Aq. 

():32r>7() 

149*37 

149*91 

1 044r> 

148*95 

149*92 

2*0570 

148*42 

149*95 

3*3277 

348*23 

149*94 

3*5217 

148*10 

149*92 

4*6948 

147*93 

149*97 

0*0895 

147*50 

149*88 

8*4200 

147*27 

150*00 

9*2856 

147*11 

149*97 

11*321 

146*80 

149*96 

14*080 

146*50 

150*02 

35*959 

146*30 

150*05 

20*291 

145*76 

3 49*99 

23*379 

145 *.52 

150*00 

27*848 

145*04 

150*00 

32*827 

144*68 

150*06 


It will be seen that the equation holds very 
satisfactorily, tending to show slight deviations 
at molar concentrations above about 0*0016. 

Application to Non-aqueousSolutions.— 
In general, there is a satisfactory mass of con¬ 
ductivity data which conforms well with the 
equation, but deviations are frequently found ; 
although the linearity of the A/\/C plot is often 
preserved, the slope does not agree wdth the 
theoretical, the deviation usually being positive. 

Uses of the Onsager Equation. 

1. TAe Calculation of Aq Values .—The equa¬ 
tion provides the best means for the extra¬ 
polation of conductivity measurements on strong 
electrolytes to zero concentration. This is of 
importance in the evaluation of dissociation 
constants of weak electrolytes : thus for a weak 
acid, HA, the value of (-^o)ha found from the 
relation 

(*^o)HA~('^o)NaA~'(^o)Na+(^o)H» 
the last two terms, being the known mobilities 
of the sodium and hydrogen ions and {^o)N«tA 
being found by the extrapolation of conductivity 
data on the completely ionised sodium salt of 
the weak acid. 
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2. The Calculation of True Degrees of Dissocia¬ 
tion of a Weak Ehctrolyte ,—The classical 
Arrhenius expression, a^A/A^ for the degree 
of dissociation assumes the constancy of ionic 
mobilities at all concentrations, which is now 
known to be erroneous. Aq must be replaced 
by Ax, where this is the sum of the ionic mobi¬ 
lities at the concentration to which the value of 
A relates. This quantity can be calculated by 
applying the Onsager equation to the ionised 
part of the weak electrolyte, so that 

Ax^AQ—{aAQ-\-^)'\/ Gif 

where Ci- aC^{AlAx)C .(5) 

Extensions of the Onsager Equation.— 
The equation may be expected to fail at higher 
concentrations, not only because of the mathe¬ 
matical approximations involved in its deriva¬ 
tion, but also because its constants are functions 
of the properties of the pure solvent, which are 
likely to be modified in solutions of appreci¬ 
able ionic concentration. The only extensions 
which have been proposed are empirical. 
Onsager (l.c.) found that the equation 
A~AQ—{aAQ-^p)\/C-\-bC, where b is an empirical 
constant, gave agreement with experiment to 
somewhat higher concentrations, but 8hed- 
lovsky (J. Amer. Chem. Soc. 1932, 54, 1405) 
found that 

{A{^VO)/{l-aVC)-=A^+BC . . ( 6 ) 

where 7? is a constant, gave better results. 

By consideration of factors neglected in the 
simple derivation, further terms, DC log C—EC\ 
where D and E are further constants, were 
added (Onsager and Fuoss, J. Physical Chom. 
1932, 56, 2689) w'hich resulted in excellent 
agreement with experiment in some cases to 
quite high concentrations. Thus the equation 

(.1+69-78 VC')/(l ~0-2273V^’) 

-149-86-|-141-9(7-f 29-24Clog C- 180 - 66^2 ( 7 ) 
expresses the equivalent conductivity of aqueous 
potassium chloride solutions at 25‘'c. with negli¬ 
gible error up to molar concentrations of 0-12. 
Such equations are not of very direct theoretical 
interest, but are of use as accurate interpolation 
equations. 

D. J. G. 1. 

ONYX. A variety of chalcedonic silica 
differing from agate only in the straightness and 
parallelism of its differently coloured layers, 
and so suitable for engraving as cameos. The 
alternate bands of colour are usually white and 
black, or white and red; in sardonyx they are 
white and brown. Most of the onyx with 
intense differences in colour, as now placed on 
the market, has been coloured artificially by 
chemical means (v. Agate, Vol. I, 163c). 

L. J. S. 

OOLITE. A rock composed principally of 
small spherical or ellipsoidal grains, in texture 
resembling the “ hard roe ” of fishes. The in¬ 
dividual oolites are less than 2 mm. in diameter; 
if the grains are larger (about the size of a pea) 
they are called pisolites. Both oolites and 
pisolites are built up of concentric layers, usually 
around a minute nucleus of sand, shell fragment, 
or other fbreign material, and commonly they 
exhibit an internal radiating structure. Oolites 
and pisolites are generally composed of calcite, 
Vol. IX.—7 
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dolomite, hematite, limonite, sidorite, chamosite, 
bauxite, phosphate, or silica. Sedimentary anil 
residual rocks of any geological ago may be 
characterised by oolitic structure. In this 
country oolitic limestones are best developed in 
the Jurassic system, and include such well- 
known building stones as the Bath oolite and the 
Portland Stone. Oolitic hematite and limonite 
deposits constitute valuable iron ores in the 
Clinton area of the Appalachians, the Jurassic 
“ minette ” region of Luxembourg-Lorraine, 
etc.; elsewhere, accumulations of oolitic siderite 
and (jhamosito arc mined for their iron content. 
In many bauxite deposits the upper parts of the 
ore-bodies are characterised by distinctive oolitic 
and pisolitic structures. 

D. W. 

OPAL, Si02,wH20. An amorphous hy¬ 
drated silica gel, with a variable water content 
rising to a maximum of 10%. It is commonly 
found in botryoidal and stalactitic forms, or as 
an infilling of cracks and cavities in certain vol¬ 
canic and weathered sedimentary rocks. Opal 
is distinguished from fine-grained varieties of 
quartz by its inferior hardness (5-6) and lower 
specific gravity, which ranges from 1-9 to 2-3, 
mainly according to its water content. The 
colour of opal is variable, but mostly white, or 
pale shades of yellow, red, and green, and the 
mineral often displays milky or opalescent 
effects, or an iridescent play of colours. 

Among the many varieties of opal are the clear 
and colourless hyalite or water-opal; the valuable 
precious opal (including the so-called black opal) 
which exhibits an internal play of vivid colours 
due to the interference of light reflected from the 
surfaces of thin curved cracks infilled with opal 
in a state of hydration different from that of the 
matrix; fire opal, with brilliant orange to red 
reflections; wood opal, representing silicified 
fossil wood. The best known locsalities for 
precious opal are Czerwenitza in Czechoslovakia, 
Queensland, and the New South Wales areas of 
White Cliffs and Lightning Ridge, the latter 
being famed for its black opals. 

In addition to these compact forms of opal, 
there are also loose, friable forms such as 
geyserite or siliceous sirUer, deposited by hot 
springs and geysers, as in Yellowstone Park in 
Wyoming, and diatomite (?;. Vol. Ill, 679a), a 
sedimentary * deposit consisting of myriads of 
microscopically small siliceous skeletons of 
diatoms. Diatomite (also known as diatomaceous 
earth, infusorial earth, kieselguhr, or tripolite) is 
used extensively in filtration, especially in sugar- 
refining, and for filtering malt products, fruit 
juices, mineral oils, sewage, vitamin extracts, 
etc. In the form of powder or bricks, diatomite 
serves as an insulator in furnaces, refrigerators, 
and sound-proof rooms. It is also used as a 
light-weight filler in paints, rubber, plastics, etc., 
and as a mild abrasive in metal polishes. In 
1938 the world production of diatomite exceeded 
260,000 tons, of which the U.8.A. contributed 
over 100,000 tons (chiefly from California), and 
Denmark about 90,000 tons. The crude di- 
atoniite, which is usually dried and calcined 
before marketing, is sold in the form of sawed 
blocks, crushed aggregates, or powder. 

D. W. 
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OPIANIC ACIDS, CjoHioOg (positional 
isomers and pseiido-fornis are known). 


COOH 




MeOL JCHO 
MeO 

IV. 


(1) Opianic acid, a-fonn, 5:6-dimethoxy-2- 
aldehydobenzoic acid, m.p. 150”, a fission pro¬ 
duct of narcotine and liydrastino, obtained by 
oxidation of these alkaloids. For its prepara¬ 
tion, see Perkin et al., J.C.S. 1925, 127, 197. 
The a-form exists in aqueous solution (Buu- 
Hoi, Amor. Chem. Abstr. 1942, 36, 6152). The 
pseudo-form of (I), m.p. 121°, has the structure 


CO 


(MeO)2C,H2^ 

\CH(OH)/ 


and exists in chloroform solution (Buu-Hoi, 
/.c.). 

(II) m-Opianic acid, a-form, 4:5-dimcthoxy-2- 
aldehydobenzoic acid, m.p. 183-184° (Perkin 
and Stoyle, J.C.S. 1923, 123, 3176). 

(III) P^cado-opianic acid, a-form, 3:4-dimeth- 
oxy-2-aldehydobenzoic acid, m.p. 121-122° 
(Chakravarti et al,, Amer. Chem. Abstr. 1934, 
28, 6720; J. Indian Chem. Soc. 1934, 11, 715. 

(IV) isoOpianic acid, a-form, 4:5-dimethoxy- 
3-aldohydobenzoic acid, m.p. 210-211° (Perkin 
et al, J.C.S. 1929, 193). 

J. N. G. 

OPIAURIN, CjgHigOg, a cherry-red amor¬ 
phous dyestuff prepared by adding a mixture of 
phenol and opianic acid to concentrated sul¬ 
phuric acid. Other aromatic aldehydes react 
similarly (Liebermann and Seidler, Ber. 1887, 
20, 873). In presence of 73% sulphuric acid, a 
colourless product, C^gHigOg, is formed 
(Bistrzycki et oZ., ibid, 1894, 27, 2632, Note 3). 

J. N. G. 

OPIUM. Origin’. —Opium is the milky juice 
of the unripe capsules of Papaver somnifemm 
Linn., obtained by incision and inspissated by 
evaporation. The plant probably originated 
somewhere in the countries bordering the Eastern 
Mediterranean, from whence it spread eastwards 
through Iran to India and China (Bentl. a. Trim. 
18; Redlich, Apoth-Ztg. 1928, 43, 603). The 
two most important varieties cultivated for the 
production of opium appear to be ghbrum, with 
subglobular capsules and ten to twelve stigmata, 
and album, with egg-shaped capsules and without 
apertures (Boissier, Flora Orientalis, 1867, 1 , 
116). The former is grown in Asia Minor, and, 
until recently, in Egypt; and the latter is 
grown in Iran and India. A varibty nigrum 


appears also to be grown in Iran and the Balkans. 
Numerous minor distinctions exist. In the same 
variety the petals may be plain or fringed, and 
may be white, red, or violet, with a dark purphsh 
spot at the base in most cases. The seeds may 
be white or dark-coloured, and contain from a 
third to a half of their weight of fixed oil. The 
capsules are provided with a lactiferous system 
from which the juice exudes when they are in¬ 
cised. This milky juice is present in tho'plant 
in all countries where it has been grown, and 
opium may be collected provided that the rain¬ 
fall is not too great and the temperature is 
neither arctic nor entirely tropical. That its 
production has been confined for the most part 
to the countries named above was determined 
by other considerations, such as tho value of 
land and the cost of labour. 

History. —Certain of the pseudo-medical pre¬ 
scriptions in the Ebers Papyrus {ca. 1500 ii.c.) 
contain the opium poppy as an ingredient. It is 
possible, though by no means certain, that the 
Egyptians recognised that the medicinal value 
of the plant resided in tho capsules, although of 
course they did not extract oi)ium in the modern 
sense of tho word. It is strange that no further 
mention of the use of the poppy by tho Egyptians 
appears to have come down to us until the 
thirteenth century (Simon Januensis). Indeed, 
from Theophrastus in the third century b.c. for 
a period of some 1,500 years the only variety of 
opium knowm in Europe was that derived from 
Asia Minor. Dioscorides, writing in the first 
centmy a.d., points out that two varieties of 
opium were in use in his time. One of these, 
resembling the opium of to-day, was prepared by 
incising the capsules. The other, “ meconium,” 
was extracted from fh© entire plant by means of 
a solvent. Similar accounts may be found in the 
works of Pliny and other Latin WTiters. The 
nations of the East appear to have learned of 
opium from the Arabs, and it seems probable 
that the use of the drug was favoured by the 
Mohammedan prohibition of alcohol. 

In classical times and in the Middle Ages 
“ electuaries ” and “ theriacs ” containing opium 
mixed with honey and spices were often em¬ 
ployed. The alcoholic tincture of opium was 
first introduced by Sydenham in the latter part 
of the seventeenth century and in the next 
century appeared the powder bearing the name 
of Thomas Dover. 

The first accounts of the production of opium 
in Persia did not reach Europe till the seven¬ 
teenth century, although there is no doubt that 
the poppy was cultivated there much earlier. 
In India, cultivation is known to have been well 
established by the early sixteenth century. 
Opium waa known in China at an early date but 
does not appear to have been largely cultivated 
at first as the Chinese obtained most of their 
opium from India. The importation was small 
and was used almost exclusively as a remedy for 
dysentery. In the fifteenth century opitun 
smoking was introduced, perhaps from the East 
Indies, and the habit had become widespread 
by 1800. The Chinese authorities were inter* 
znittently alarmed the powth of opium- 
smoking and as early ^ 1729 issued an edict pro¬ 
hibiting the practice. Similar edicts followed 
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from time to time directed against the growing 
of the poppy and the importation of opium. 
Meanwhile in India the opium monopoly had 
jmssed in 1757, after Plassey, from the Moguls 
to the East India Company, under whose direc¬ 
tion the opium traffic was intensified. It must 
bo admitted, however, that the policy of the 
central Chinese government was not consistent, 
nor was it always backed up loyally by the local 
authorities. In 1839, however, it was decided 
to enforce the law and a £2,000,000 stock of 
opium was destroyed by the Chinese. This, 
together with more legitimate complaints rela¬ 
tive to restrictions placed on general trade, led 
to a war which terminated in the Treaty of Nan¬ 
king in 1842, a result of which was the opening of 
certain ports to foreign trade. The importation 
of opium was resumed, the amounts increasing 
until about 1880, when a steady fall began owing 
to the expansion of Chinese home production. 
By 1882 the production in two provinces only, 
iSzechuen and Yunnan, was estimated at more 
than twice the whole Indian importation 
(Pharm. J. 1883, [iiij, 13, 225; cf. J.S.C.I. 1888, 
409; 1890, 74). 

The continued spread of ojDium-smoking 
eventually gave rise to a national movement in 
China designed to stop both the importation and 
production of opium. It is pleasing to record 
that the British Government fully reciprocated 
the Chinese vhsws, and, notwithstanding the 
serious loss entailed to the revenue of India, 
entered into an agreement in 1907 whereby the 
export of opium to China ceased by 1913. The 
Chinese policy of the gradual suppression of 
opium-smoking was attended by considerable 
success up to the time of the Japanese invasion 
in 1935. As is well known, the Japanese de¬ 
liberately encouraged the use of opium and 
morphine in those territories under their 
temporary control. On their part, the Govern¬ 
ment of India has consistently pursued its policy 
of prohibition. In 1926 they determined to 
reduce supplies of <jpium to the Ear East by 10% 
annually, so that such exports were extinguished 
by 1935 (Dunnicliff, Nature, 1937, 140, 92). 
The export of opium to Malaya and its use for 
smoking has now been prohibited (1945). 

Numerous attempts had been made during the 
seventeenth and eighteenth centuries to prepare 
active principles from opium, but no constituent 
of a definite nature was discovered until the 
beginning of the nineteenth century. Derosne in 
1803 noticed the separation of a crystalline body 
on diluting an aqueous extract of opium (Ann. 
Chim. Phys., 1803, [i], 45, 257). The basic 
character of this was demonstrated by Robiquet 
{ibid, 1817, [ii], 6, 276) and by him it was 
designated narcotine, Derosne had further 
observed that opium solutions are precipitated 
by alkalis, but thought that the precipitate was 
the same compound that he had previously 
isolated. Seguin in 1804 described what was 
probably the chief active constituent of opium, 
but did not publish his observations until ten 
years later (ibid, 1814, [i], 92, 226). Meanwhile 
Serttimer^ an apothecary of Eimbeck in Han¬ 
over, whose work extended from 1806 to 1816, 
had isolated morphine and had pointed out that 
it was to be regarded as the first member of a new 


class of substances, “ the vegetable alkalis.” 
With regard to Sertiimor’s claim it is to be noted 
that although narcotino had been isolated before 
morphine, its properties as an alkaloid were not 
ascertained until afterwards. During the same 
inquiry, in 1806, Sertiimer also brought to light 
mcconic acid, which is characteristic of opium. 

Raw Opium .—^Fresh opium is a brownish solid 
of somewhat plastic nature which becomes tough 
and occasionally brittle on keeping. The com¬ 
position varies widely according to the source; 
a rough idea of the percentage composition of 
the usual commercial varieties is afforded by the 
following figures: 


Moisture.6-15 

Ash.4-8 

Morphine.8-17 

Narcotine.4-10 

Other alkaloids.1-7 

Moconic acid.3-7 

Total extractive matter . . . 55-60 


The ash consists mainly of calcium and 
magnesium sulphates. The extractive matter 
includes certain neutral bodies, of which the 
most important is meconine. Some 40-50% 
of opium is composed of indefinite gummy and 
resinous matter, together with pectin, albumin, 
and insoluble debris, the last consisting of frag¬ 
ments of capsules, wax, caoutchoyc, calcium 
salts, etc. According to Hesse (Ber. 1889, 3, 
637) the wax, of which 1-4% may bo present, is 
a mixture of cerotyl palmitate and cerotyl 
cerotate. A trace of a sugar is also present. 
Poppy juice contains no starch or tannin, so that 
detection of these bodies in opium would indicate 
adulteration. Opium invariably contains am¬ 
monium salts. According to Thomson (Chemist 
and Druggist, 1920, [ii], 772) the average amount 
of ammonia present, whatever the variety, is 
about 0*2%. 

The alkaloids are, of course, the most im¬ 
portant constituents and are discussed later. 
According to Kerbosch (Arch. Pharm. 1910, 
248, 536) poppy seeds are affialoid-free and the 
various alkaloids make their first appearance in 
the green parts of the plant at widely different 
times. Narcotine was the first alkaloid which 
could be detected, and appeared 3 days after 
sprouting. Thereafter came codeine (after 30 
days), morphine and papaverine (each after 
36 days), and lastly thebaine. Narceine could 
he found only in the seed capsules and hence 
was probably not a transformation product of 
narcotine which occurred in all parts of the 
plant. 

Opinions differing somewhat have been ex¬ 
pressed as to the mode of combination of the 
alkaloids in opium (see Dott, Pharm. J. 1884, 
14, [iii], 389; Dohme, Amer. J. Pharm. 1891, 
78, 164; Annett and Bose, Mem. Dept. Agric. 
India, 1922, Chem. Series 7, 215). In general it 
may be stated that the sulphuric acid in opium 
is present wholly or mainly in inorganic com¬ 
bination, that the alkaloids are present wholly 
or mainly as meconates, and that the almost 
invariable acid reaction of opium is due to dis¬ 
sociation of the meconates of such weak bases 
as narcotine and papaverine. Biseaxo (see Year- 
Book of Pharmacy, 1921, 118) records that he 
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has met with two samples of opium possessing 
an alkaline reaction. This must certainly bo 
regarded as abnormal. 

Production. 

Asia Minor .—Opium is collected in Asia 
Minor for the most part by small peasant 
proprietors, the largest quantity being obtained 
from the western districts. The poppy grown 
is the variety glabrum^ and the flowers are 
purplish, or sometimes white. The plant grows 
in both elevated and lower situations, and 
requires a moist soil and much attention and 
skill on the j)art of the cultivator. Details of 
the mode of preparing the soil and of the manage¬ 
ment of the crop are given by Maltass (Pharm. J. 
1865, [i], 14,395) and Heffler {ibid. 18(>9, [iij, 10, 
434). {See also ibid. 1883, [iii], 13, 918.) The 
crop is sometimes destroyed by early frosts, 
or the attacks of locusts. The seed is sown from 
November to March, and the flowering takes 
place from May to July. The capsules are 
ready for incision a few days after the petals 
have fallen, and are then about IJ in. in dia¬ 
meter. According to Wallis {ibid. 1939, 143, 
489), a special knife is used wliich ends in seven 
very small blades. These project only some 
1-5 mm., so that too deep cuts cannot be made. 
The knife is drawm horizontally around the 
middle of the capsules, preferably in the after¬ 
noon. The following morning the partly 
hardened juice is scraped off, bulked, and trans¬ 
mitted to the Government factory at Istanbul. 
An important addition to the profits of the 
opium culture is the sale of poppy seed, from 
which the semi-drying oil is expressed and used 
for cooking, soap manufacture and other pur¬ 
poses (Maltass, Heffler, and Scherzer, ibid. 1881, 
[iii], 11, 835). 

The Turkish Government monopoly opium 
is exported in sub-cylindrical masses about 
9 cm. high and 15 cm. greatest diameter, weigh¬ 
ing about 2 kg. Each case of ojuum contains 
40 such blocks. This opium usually contains 
morphine 12-13 and codeine 0*8-1 0%. This 
is the variety preferably employed for the pro¬ 
duction of pow'der, tincture, and other medicinal 
preparations. 

In 1939 the area given over to the cultivation 
of the opium poppy was 31,120 hectares, and 
the production of opium was 262,309 kg. (These 
figures, as well as corresponding figures for other 
countries, are taken from League of Nations 
Publication 1942, xi, 1.) Normally about 90% 
of the export is used for manufacturing purposes. 

Iran .—The quantity of opium produced in 
Persia has for many years been steadily expand¬ 
ing and the quality has been improved. After 
1870, Persian opium steadily displaced Indian 
opium in the Chinese market, and, quite apart 
from the considerable home consumption for 
smoking purposes, trade with central Asiatic 
territories appears to be extensive. In 1939 
about 65% of the production, considered on the 
morphine content, was consumed by smoking. 
Opium for this purpose is obtained by cutting 
the capsules in the early morning and collecting 
the juice before sunrise to avoid discoloration. 
The juice is dried in sheds until the weight is 
reduced by about one-sixth and is then mixed 


with 20-50% of Sarcocolla gums, grape juice, or 
other foreign material. The product is then 
gently boiled and the resulting paste is moulded 
into bricks or sticks which are wrapped in paper. 
The chief centre of cultivation is tlie area around 
Ispahan, but the Shiraz and Bushire districts 
also furnish supplies. In 1939 some 17,000 
hectares furnished 672,000 kg., most of which 
consisted of opium prepared for smoking and 
hence poor in alkaloids. 

The manufacturing grade of opium is wrapped 
in paper and packed into cases containing 80 
rectangular blocks having an average weight of 
1 kg. Persian opium, like Turkish, is a fairly 
light brown in colour, but has a less granular 
appearance on cutting. It is harder and more 
brittle than the Turkish variety, largely owing 
to its lesser moisture content. Extraction with 
water is apt to give a rather sticky marc, and so 
this opium is not much employed for the prepara¬ 
tion of opium galenicals. A sample examined 
by Jermstad (Schweiz. Apoth.-Ztg. 1922,60, 691) 
contained morphine 10*69, meconic acid 5*5, 
codeine 3*23, narcotine 11*26, water 8%. 
Usually the morphine range is 12-13*5% and the 
codeine less than the figure given by Jermstad, 
2*25% being a reasonable average. 

India .—Opium used to be one of the most im¬ 
portant products of India. It is a Government 
monopoly in the British area, and is cultivated 
free in certain of the Native States, but must pay 
duty if sent out of these states. The two areas 
of cultivation arc in the United Provinces and 
in the Malwa districit of central India. In 1937 
the areas under cultivation were 2,576 and 8,101 
hectares, respectively, producing 47,381 and 
191,410 kg. opium. About 75,000 kg. of the 
production of the Indian States was purchased 
by the central government. The total area 
under cultivation shows a continuous decline 
from about 769,000 acres in 1903 to 241,000 acres 
in 1912 and 26,700 acres in 1937. An historical 
review of the Indian cultivation is given by 
Zekert, Arch. Pharm. 1926, 264, 237. 

Normally, practically all the product is 
retained, but in both world wars India has 
proved a valuable som’co of opium for manu- 
factiming purposes. Large quantities of opium 
were formerly exported to Far Eastern countries. 
This trade has now vanished. Ln 1907 an agree¬ 
ment was entered into whereby the amount 
exported to China should be reduced annually, 
and in 1913 this trade was brought to an end 
(Bull. Imp. Inst. 1915, 607). Again, in 1926 it 
was agreed that supplies of Indian opium to 
other opium-smoking countries (except Burma) 
should be reduced annually by 10%. A con¬ 
siderable financial sacrifice was involved, for in 
1926 the revenue from the sales was £750,000 
and 10 years later it was nil (Dunnioliff, Nature, 
1937, 140, 92). Dunnicliff points out that most 
of the opium retained in India is used as a 
common household remedy for various com¬ 
plaints. 

The poppy grown in India is of two varieties, 
Bengal opium being mainly derived from white- 
flowered races, whilst Malwa opium is largely 
obtained from plants with purple flowers (Bull. 
Imp. Inst. 1916, 512). In addition to the 
dangers to which the crop is exposed in Asia 
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Minor, the Indian plant is liable to the attacks 
of a parasitical broom-rape, which attaches 
itself to the roots. In Bengal the seed is sown 
in November and the (capsules are ready in 
February or March. They are then scarified 
vertically with a many-bladed instrument 
(Pharm. J,, 1852, [i], 11, 207). The operation 
is repeated 2-0 times in the course of a few days, 
the exuded juice being scraped off each monjing. 
Jn the Malwa area there is a practice of dipping 
the collecting knife in linseed oil occasionally to 
prevent tlie juice adhering. Owing to the heavy 
dews the Indian juice is much moistcr than the 
Turkish {ibid. 1852, [ij, 11, 209). According to 
Leake (Agric. J. India, 1920, 15, 124 ; Pharm. J. 
1922, 108, 192) the oldest poppy capsules, that is 
the terminal ones, produce opium of greater 
morphine content than the lateral ones. Also, 
opium from the first incision, performed about 
a fortnight after petal-fall, may contain as much 
as 20% of morphine, an amount which falls off 
rapidly in the products of subsequent lan(;ingH. 
In practice, latex from the different lancings is 
mixed and made into a standard opium at 
Ghazipur. 

Indian opium, as it reaches this country, is 
packed in cases holding about 1(50 lb. and con¬ 
taining roughly rectangular blocks of about 2 lb. 
in wfiight. These are wrapped in paper, which 
is usually oiled, in (iolour the blocks are dark- 
brown, sometimes almost black, and are often 
somewhat brittle. In general the percentage of 
morphine is 9-10*5, and of codeine about 2-3. 
The amount of papaverine present is low, and 
sometimes it cannot be isolated at all (Van 
Itallie and Kcrbosch, Arch. Pharm. 1911, 248, 
609). Raksliit gives some interesting analytical 
data regarding Indian opium (Analyst, 1921, 
46, 481 ; 1926, 51, 491; Ind. J. Pharm. 1932, 53). 

Yugoslavia .—Cultivation of ( he opium poppy 
in southern Serbia began in 1865 from Turkish 
seeds. The production of opium in 1938 was 
53,200 kg., all of which was employed in manu¬ 
facturing processes. According to \Valli8 (Pharm. 
J. 1939, 143, 489) the capsules are incised by the 
use of a knife with a small curved and pointed 
blade, a circular equatorial scratch being made. 
The raw opium is mixed at the Government 
factory in Belgrade, and is made into fiat oblong 
cakes with rounded ends, 1 *5-2*5 cm. thick, 
18-20 cm. long, and 6-7*5 cm. broad. These 
cakes weigh 160-225 g. and are packed with 
Kumex fruits in cases holding about 160 lb. 
Yugo-Slav opium is a hard, brittle variety, 
usually containing 15-17% of morphine and 
9-11% of moisture. A sample examined by 
Jermstad (Sweiz. Apoth.-Ztg. 1922, 60, 691) con¬ 
tained morphine 13*9, narcotine 4*7, codeine 2*1, 
meconic acid 5*9% The codeine, however, does 
not usually reach 2%. Further information is 
given by Brunetti, llull. Sci. pharmacol. 1918, 
25, 95, and by Vrg6c, Chemist and Druggist, 
1930, 112, 100. 

Egypt .—Egyptian opium was never exported 
in very great quantity, and the cultivation of the 
poppy is now illegal. The crop is so profitable, 
however, that attempts at illicit production are 
still made. In 1936 the Egyptian Government, 
with the aid of aeroplanes, detected about 81^ 
acres devolved to poppy cultivation, hidden in 


101 

small patches among other crops (Pharm. J. 
1937, 138, 629). 

A ustmlia .—There has been a small production 
of opium in Queensland, and especially in 
Victoria, since 1868. Hiiccessive sowings are 
made from May to July; the quality and yield 
of opium are average. For information regard¬ 
ing this variety of opium, see Pharm. J. 1871, 
(hi), 1, 272, 543, 972. The isolated position of 
Australia has fostered prodindion during the 
Second World War, and a factory for the manu¬ 
facture of opium alkaloids from the home-grown 
])oppy came into production at the end of 1943 
(Chemist and Druggist, 1943, ii, 316). The 
whole dried plant is employed as raw^ material, 
as in the Hungarian process. 

Russia .—Since 1925 the cultivation of the 
opium poppy (mainly in Turkesta!i) has made 
great strides, and in 1937 85,280 kg. of opium 
were obtained from about 10,000 hectares. 
Much attention has been given to production of 
the most valuable strains. Nilov (Bull. Appl. 
Bot., Genetics and Plant-Breeding, 19lU, 
Series A, 11, 21) examined various new sub- 
varieties, one of whi(?h gave an opium containing 
28% of morj)hine. Vorozhtzov and Troshchenko, 
(Compt. rend. Acad. 8ci. U.H.vS.8. 1935, 555) 
observed that samples of po})py latex analysed 
2 liours after gathering showed about 20% of 
morphine, while, if allowed to stand until next 
day, the percentage dropped to about 12. They 
ascribed this diminution to atmospheric oxida¬ 
tion in presence of enzymes and found that the 
juice could be stabilised with potassium fluoride 
for several months. Their results, however, had 
been foreshadowed by Descharmes, who found 
that the morphine content diminished when the 
juice w^as slowly dried (J. Pharm. Chim. 1867, 
[ivl, 6, 222). 

Bulgaria has had a small production of about 
7,000 kg. per year since the days of Turkish 
dominion. The type of opium produced re¬ 
sembles that of Yugo-Slavia; thus, of 119 
samples examined by Nikolov (Rev. Inst. Agron. 
Res. Bulgaria, 1922, 2, 217), 62% contained 
17-21% of morphine. 

Other Areas .—Attempts have been made in 
most European countries, especially Fran(*e, 
Germany, Denmark, and Italy, and also in 
North America, to cultivate the opium poppy. 
The results have showm that, provided the soil 
is suitable and the rainfall not excessive, it is 
possible in all these countries to produce opium 
the quality of wdiich is at least equal to that from 
Asia Minor. The cost of collection has, however, 
invariably proved too high to allow effective 
competition with opium derived from the usual 
Eastern sources. t\)r this reason the results 
obtained will not be discussed in detail. 

There has been, however, in recent years an 
interesting development which appears likely to 
be permanent. Kopp in 1930 proposed that the 
whole poppy plant should be worked up for 
alkaloids without the intermediate formation 
and collection of opium. He anticipated that the 
yield of alkaloid from the fresh plants would be 
in the region of 0*03-0*036%, of which half to 
one-third would be morphine (Pharm. Weekblad, 
1930, 67, 125). Kabay wrote to much the 
same effect (Pharm. Monatsh. 1930, It, 73), and 
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ovcntualJy elaborated a process in which the 
dried disintegrated plant-parts wore subjected 
to a preliminary extraction with sulphurous acid. 
This process received patent protection in 
Germany, the U.S. A. (U.S.P. 2009181, 1935), and 
Hungary (Hung.P. 109778, 1934). Somewhat 
similar processes have been patented by HofF- 
man-La Koche in the U.S.A. (U.S.P. 2132945, 
1938) and in Switzerland. The method does not, 
however, appear to have been worked com¬ 
mercially except in Hungary, and since 1943 in 
Australia, and in Germany during the war 
(Kussner, Mercks Jahreabor. 1940, 29). The 
actual yield of morphine from dry poppy-straw 
is 0'08-0*l%, and from the capsules up to 4 
times this amount (Goris, Bull. Sci. pharmacol. 
1938, 45, 265; Kussner, lx.). Although these 
amounts are small the potential importance of 
the process lies in the fact that the raw material 
may be regarded as a by product from the 
manufacture of edible poppy-seed oil (Goris, l.c.). 

The opium poppy has in the past been an im¬ 
portant product of China, but it is unlikely that 
it will again be grown except for the purpose of 
supplying the legitimate medicinal needs of the 
country. In the past it has often interfered with 
the growing of cereals and other food crops and 
contributed to food shortage. Strains con¬ 
sidered suitable for smoking have been grown. 
These give opium poor in morphine, as shown by 
past analyses which record values of 2-6%. 
According to Chasovnikova (Biokhimya, 1937, 
2, 701) the Chinese poppy yields neither papa¬ 
verine nor narcotino. The latter statement is 
not in agreement with those of previous analysts 
who have on occasion reported the presence of 
as much as 7% of narcotine. Arima and Iwakiri 
stated in 1938 that Manchurian opium is un¬ 
usually rich in codeine and thebaine and may 
contain up to 4% of each. In 1937 the area of 
poppy cultivation was about five-sixths of that 
in Asia Minor and about 890,000 kg. of opium 
were produced, mostly for smoking. 

Machiguchi (J. Pharm. Soc. Japan, 1926, 185) 
has given the most detailed description of 
Japanese opium. His analyses give the average 
percentage of 19 dilforont alkaloids. The 
morphine content was usually 10-15%, codeine 
about 0*8%. Japan, including Korea, produced 
52,139 kg. of opium in 1938. 

The opium-smoking habit is widespread in 
Afghanistan, which was estimated in 1932 to be 
producing about 75,000 kg. of opium per year. 

Physiological Action and Uses. 

Opium is one of the most important remedies 
avafiable for use in medicine. Its action is on 
the brain, dulling the sensation of pain, and pro¬ 
ducing sleep. In doses of a grain or less, a stage 
of slight excitement supervenes during which the 
individual can control his energies. In 1-2 grain 
doses the stage of excitement is short and is 
succeeded by deep sleep, after which there is 
more or less nausea and headache. If large doses 
of 3 grains or more are administered the excite¬ 
ment is very short and is followed by sleep which 
becomes more and more comatose until the 
patient cannot be aroused. If death takes place 
the respiration ceases first. Although opium is 
mainly used for the alleviation of pain, either 


generally or locally, with or without the pro¬ 
duction of sleep, it has many special applications 
in the treatment of disease. 

Opium is generally employed as a dehydrated 
powder, standardised by the addition of lactose or 
calcium phosphate to contain 10% of morphine ; 
or as a tincture containing 1% of morphine; or as 
a 20% extract. Such preparations, with others 
loss used, are official in most Pharmacopoeias, 
In recent years a preparation termed “ Papa- 
veretum ” in the B.P.C. has obtained a certain 
vogue. It consists of a mixture of the hydro¬ 
chlorides of the principle alkaloids of opium, and 
is standardised to contain 50% of morphine. 

The action of opium in stimulating and then 
depressing gives rise to the deSire to repeat the 
dose. In this way tlie liabit of “ opium eating ” 
is contracted. The worst effects of opium are 
thus obtained. It deranges the nervous system, 
and impairs the intellectual and moral and finally 
also the physical powers. He Qiiinccy’s descrip¬ 
tion of his own experience is well known. 

A large quantity of opium is still used for 
smoking. The habit is believed to liavcs 
originated in Persia and spread over the Orient, 
prevailing to the greatest extent amongst the 
Chinese. The operation of opium-smoking has 
boon described by vSampsou (Pharm. J. 1881, 
[iiij, 11, 22). The ])ipc has a fiat bowl made of 
metal with a very small opening. A drop of the 
soft opium is taken on the point of a “ {lip}>cr ” 
and dexterously roasted in the flame of a little 
lamp until with constant burning it lias the 
appearance of burnt worsted. Then, after the 
bowl of the pipe has been warmed, the drug, 
about the size of a hemp-seed, is placed about the 
opening in the bowd, the pipe taken in the mouth, 
and the opium ignited. The smoko is partly 
swallowed or inhaled and partly exhaled by the 
mouth and none. The preparation for smoking 
occupies 5 to 10 minutes, but the actual smoking 
only about 30 seconds. {See also McC'allum, 
iUd. 1881, [iii], 11, 229 ; 1882,12, 446 ; Calvert, 
ibid. 1882,12, 148.) 

The physiological action of opium smoked in 
this way is clearly quite different from that 
obtained by taking it into the stomach, or from 
the effect produced by the equally deleterious 
practice of hypodermic injection of solutions of 
morphine or heroin. It is noteworthy that 
those opiums most highly prized for smoking 
contain a small percentage of morphine. It 
would seem that although certainly detrimental 
to the working of both mind and body the habit 
of opium smoking is not quite so injurious as 
generally believed by Europeans. Opium in the 
East seems to perform the same function as 
alcohol in the West, and, as far as can bo ascer¬ 
tained, with about the same bad effects when 
indulged in too freely (c/. Birdwood, ibid. 
1882, [iii], 12, 500; Spence, ibid. 1883, 18, 226; 
McCallum ibid. 1884, 14, 27; James, ibid. 1888, 
18, 280). 

Commercial Manufacture of Opium 
Alkaloids. 

The Gregory method for the manufacture of 
morphine was adumbrated by Robertson (J, 
Pharm, 1833, [ii], 19, 158). According to the 
Bobertson-Gregory method, opium w^s eactracted 
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with lukewarm water and the liquid was mixed 
with excess of chalk and filtered. Slight excess of 
calcium chloride was added to the syrupy filtrate 
which was then diluted with water. This preci¬ 
pitated a sludge of resins, calcium meconate, etc., 
which was filtered off. On concentrating the 
liquid, or on salting out witli hydrochloric acid 
from a solution of sp.gr. 1 - 020 , “ Gregory’s salt ” 
crystallised out (Gregory, Annalen, 1833, 7, 261). 
This was regarded as morphine hydrochloride, 
which indeed it was essentially. However, 
Kobiquot {ibid. 1833, 5, 106) had shown that 
“ Gregory’s salt ” on precipitation with am¬ 
monia did not yield the expected amount of 
morphine. On evaporating the ammoniacal 
mother-liquid and adding potassium hydroxide 
he obtained a new alkaloid, codeine, which had 
not been thrown down to any great extent by the 
ammonia. The Gregory method was, therefore, 
altered in the direction indicated, and was later 
extended to include the production of other alka¬ 
loids (Anderson, ibid. 1853, 86 , 170). According 
to Anderson, the black mothor-li(]uids from the 
separation of morphine and codeine were diluted 
and ammonia was added. This retained nar¬ 
ceine in solution and precipitated narcotine and 
thebaine. From an alcoholic extract of the pre¬ 
cipitate narcotinc separated on cooling. Alcohol 
was evaporated from the mother-liquid and the 
residue was treated with dilute acetic acid and 
basic lead a(;otate. This removed narcotino and 
resins, and after getting rid of dissolved lead 
with sulphuric acid thebaine could be thrown 
down by ammonia. For narceine the original 
ammoniacal liquid was subjected to a load treat¬ 
ment, and after removal of lead and neutrali¬ 
sation with ammonia was gently evaporated to 
the crystallisation point. It was later found that 
crude narcotino contained papaverine, which 
could bo separated out as an acid oxalate, 
owing to its more sparing solubility. 

Of those more modern processes for utilising 
opium which have been published reference may 
be made to the following. 

Kanewskaia (J. pr. Chem. 1924, [ii], 108, 247) 
extracted opium with 4 parts of water and con¬ 
centrated the extract to the weight of opium 
taken. An equal volume of alcohol was added 
to the syrup and then excess ammonia. 96% 
of the contained morphine was precipitated after 
24 hours, together with some narcotine, whic^h 
was dissolved out with benzene. The ammonia¬ 
cal mother-liquid was also extracted with 
benzene. From this, dilute acetic acid removed 
codeine and thebaine but not the weak base 
papaverine. The codeine and thebaine were 
separated by addition of ammonia, which threw 
down thebaine, and the codeine was then ex¬ 
tracted with chloroform. 

According to Ishikawa and Maruta (Bull. Hyg. 
Res. Inst. Jap. 1929, 35, 19) opium is leached 
with water, treated with a large excess of lime 
and filtered. Morphine and codeine may be 
obtained from the filtrate in the usual manner. 
The lime-marc is extracted with benzene, which 
is then distilled off. The residue consists chiefly 
of narcotino, papaverine, and thebaine. Addi¬ 
tion of a reguiat^ amount of acetic acid to this 
residue does not dissolve narcotine, which may 
be filtered off. The mother-li^juid is neutralised 
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with sodium hydroxide, thus precipitating papa¬ 
verine, which may be purified as oxalate. Ex¬ 
cess alkali added to the neutral filtrate precipi¬ 
tates thebaine, purified as tartrate. 

For other pro(;es 8 es, devised by Basse and 
Busse (Khim. Farm. Prom. 1933, 127) and 
Chomnitius (Pharm. Zentr. 1929, 70, 101 ) refer-, 
ence should be made to the original papers or 
the appropriate abstracts. Mention may also 
bo made of a scheme proposed by Dott, which is 
to be found in Allen’s “ Commercial Organic 
Analysis,” 5th cd., Churchill, 1929, Vol. VII, 
p. 671. Plugge (Arch. Pharm. 1887, 24, 994) 
elaborated a method for separating the six 
principal alkaloids from opium, which however 
could hardly be used as a basis for manufacture. 
An interesting account of a modern German pro¬ 
cess is given in Pharm. J. 1945, 155, 220. This 
is based on the description given in J. Schwyzer’s 
“ Fabrikation dor Alkaloide,” Springer, Berlin, 
1927. 

Extraction of Minor Alkaloids from 
Opium. 

Contributions to the knowledge of the syste¬ 
matic extraction of minor alkaloids from opium 
have been made by Plugge (Arch. Pharm. 1886, 
224, 993) and Merck (Annalen, 1836-39, 18, 
79 ; 21, 202 ; 24, 46). Hesse, however, has been 
the most indefatigable worker in this field {sec 
ibid. 1870, 153, 47; 1894, 282, 209; Annalen 
Suppl. 1872, 8, 262, 272). The following descrip¬ 
tion of Hesse's methods is duo to Kauder (Arch. 
Pharm. 1890, 228, 419). 

An aqueous extract of opium is treated with 
calcium chloride and the precipitated meconate 
is filtered off. On concentration, the hydro¬ 
chlorides of morphiney pseudomorphine^ and 
codeine crystallise out in turn. The residual 
liquids are diluted and the remaining alkaloids 
precipitated by ammonia, the precipitate being 
dissolved in acetic aedd, filtered, shaken with 
ether to remove certain non-alkaloidal bodies, 
and made alkaline with excess sodium hydroxide. 
By this procedure there is obtained a precipitate 
(A) and a filtrate (B) containing the phenolic 
alkaloids together with some of the cryptopine. 

The precipitate (A) is dissolved in the least 
amount of warm dilute alcohol containing a 
slight excess of acetic acid. Dilution with 3 vols. 
of boiling water hydrolyses the acetates of the 
weak bases narcotine and papaverine and throws 
down the free alkaloids, from which filtrate (C) 
is obtained. The papaverine and narcotine are 
separated by converting to acid oxalate.%, and 
crystallising out the salt of the former base. 

Filtrate (C) is concentrated to remove alcohol. 
On adding tartaric acid solution thebaine is pre¬ 
cipitated as acid tartrate. The filtrate from the 
thebaine is neutralised with ammonia and 3% 
solid sodium bi carbonate is dissolved in it. After 
standing for a week a small amount of dark- 
ooloured tar is removed. The clear filtrate is 
treated with ammonia and the solid obtained is 
extracted with hot benzene, giving a solution (D) 
and a residue (E). When (D) is shaken with a 
solution of sodium bicarbonate a precipitate is 
obtained which is found to consist essentially of 
laudanosinct and, on filtering the benzene and 
passing in dry hydrogen chloride, crystals of 
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hydrocotarnine hydrochloride are obtaineti. The 
residue (E) is mainly composed of protopine and 
cryptopine. These are separated by conversion 
to hydrochlorides and crystallisation from water, 
in which protopine hydrochloride is only slightly 
soluble. 

The alkaline filtrate (B) is neutralised with 
hydrochloric acid, and after adding excess 
ammonia the liquid is extracted with ether. The 
ethereal liquid is shaken out with acetic acid; 
the acid solution is neutralised with ammonia, 
a nd after 24 hours lantkopine has separated. On 
adding more ammonia to the filtrate a precipi¬ 
tate is obtained which is dissolved in hot dilute 
alcohol. On cooling, laudanine and dauduni- 
dine with some cryptopine are obtained. The 
remaining alcoholic solution is evaporated and 
gives a residue from which codamine can be 
isolated as hydriodide. 

Assay of Morphine in Opium. 

The market value of opium depends on its 
cpntent of morphine, the alkaloid from which 
most of the medicdnal value of the drug deri ves. 
For this reason the assay of opium for morphine 
has attracted much attention. The first paper 
dealing with this assay appears to be one by 
Guillermond (J. Pharm. Chim. 1828, 14, 430). 
Hince then the bibliography has become so 
voluminous that no attempt can be made here 
to discuss it in detail. 

Official methods of assay generally make use 
of the solubility of morphine in lime-water in 
order to separate this alkaloid from the others 
present with it. Typical of such methods is that 
of the British Pharmacopoeia (1932), which gives 
the following directions; 8 g. of opium are 
triturated with 10 ml. of water in a mortar to 
give a uniform mixture, which is then thoroughly 
incorporated with 2 g. of calcium hydroxide and a 
further 20 ml. of water. The contents of the 
mortar are transferred to a tared flask using suffi¬ 
cient water to produce 90 g. The flask is shaken 
occasionally for half an hour and the contents 
are then filtered. 62 ml. of filtrate are col¬ 
lected, representing 6 g. of opium. To this fil¬ 
trate, contained in a small flask, are added 5 ml. 
of alcohol, 25 ml. of ether, and 2 g. of ammonium 
chloride. The whole is shajien for 5 minutes, 
and then occasionally for half an hour. Next 
morning, the ethereal layer is decanted through 
a funnel fitted with a plug of cotton-wool. The 
flask is rinsed out with 10 ml. of ether, followed 
by 6 ml., both quantities being passed through 
the wool. Finally* the aqueous liquid is poured 
on the filter and the flask rinsed well with a 
saturated solution of morphine in water. Ac¬ 
cording to the official directions the morphine 
left on the filter is now washed back into the 
flask and dissolved in 20 ml. of 0-1n. sulphuric 
acid. The excess of acid is titrated with 0-1 n. 
sodium hydroxide, using Methyl Red as indicator. 
To the amount shown by the titration 0-052 g. is 
added to compensate for loss of morphine due 
to its solubility. This process with suitable 
modifications serves to determine morphine in 
all simple extracts and tinctures. 

In the U.S.P. 1942,6 g. of opium are thoroughly 
extracted with water. The extract is partially 
evaporated, triturated with lime and filtered. 


Morphine is precipitated from the filtrate by 
adding ammonium chloride and shaking. 
Alcohol and ether are added as in the B.P. The 
morphine is filtered off and washed and the 
cr 3 ^ 8 tal 8 dissolved from the filter by the repeated 
passage of small quantities of boiling methanol. 
After dilution, most of the methanol is 
evaporated off and the morphine is titrated with 
()-1n. acid. There is no solubility correction. 

It has long been recognised that the excellent 
results obtained by methods such as that of the 
B.P. depend for their reproducibility upon a 
faithful adherence to the prescribed conditions, 
whereupon a somewhat fortuitous cancelling-out 
of various errors occurs. 

A criticism that has often been made is that 
phenolic alkaloids other than morphine are dis¬ 
solved as calcium salts and subsequently precipi¬ 
tated by ammonia. About 2% of the crude 
morphine obtained consists of such alkaloids 
(Rakshit, Analyst, 1931, 66, 711). Again, 
codeine is soluble in aqueous liquids and passes 
through to the final stage with calcium mor- 
phinate. Whem ammonium chloride is added 
some of the codeine appears to be precipitated 
with morphine in the form of a mixed cr^^stal 
from which it is not easily extracted by the ether 
used in the assay. Rakshit puts the additional 
weight thus conferred at about 3%, and this 
view is also taken by Rosin and Williams (J. 
AmcT. Pharm. Assoc. 1935, 24, 1053). On the 
other hand Rakshit considers that the presence 
of codeine in the final liquid hinders the complete 
separation of morphine. Another factor which 
tends to reduce the alkaloid titrated is the almost 
certain absorption of some morphine on the lime- 
containing marc from which the solution of cal¬ 
cium morj)hinatc is filtered (Rosin). This by 
no means exhausts the possible sources of error 
in the assay. Two more of these may be men¬ 
tioned here. In the first place it is evident that 
discrepancies may result from the varying 
amounts of water and extractive contained in 
different samples of opium. Secondly, calcium 
ammonium meconate (about 2%; Rosin) is 
precipitated with the morphine and is titrated 
as morphine unless the latter is dissolved away 
by methyl alcohol or other solvent. 

Recognition of the errors inherent in the lime 
method caused the League of Nations to institute 
research directed towards the provision of an 
international method of assay. As a result a 
process was recommended which in its essentials 
was that of the B.P. 1932 (Bull. Health Org. 
L.N. 1938, 7, 429; see Year-Book of Pharmacy, 
1938, 767). The principal differences consist in 
the provision of corrections for the moisture in 
the opium and the extractive matter in the lime 
filtrate. As in the U.S.P. process, the crude 
morphine obtained is purified by dissolving in 
warm methyl alcohol and filtering. Certain 
difficulties have thus been removed, but the 
method has not escaped criticism. 

Of those processes which involve determina¬ 
tion of morphine as a derivative mention will 
only be made of that due to Mannich (Arch. 
Pharm. 1936, 273, 97). Mannich makes a lime 
extract of the opium, frees the filtrate from cal¬ 
cium Iby adding oxalate, and precipitates the 
morphine as the 2:4-dinitrophenyl ether. The 
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results are somewhf^t high, mainly owing to co- 
precipitation of other ethers, and are improved 
hy shaking out the lime filtrate with ether- 
(‘hloroform before the final step (Wintorfeld 
et al, ibid. 1937, 275, 445). 

Opium Legislation. 

Legally considered, morphine is a “ dangerous 
drug.” This means, not an unusually poisonous 
substance, but one the uncontrolled use of 
which leads to addiction. Such compounds have 
been subject to international control since the 
close of the First World War. When the peace 
conference met at J^aris, ratification of the 
opium convention signed at the Hague in 1912 
was made othj of the terms of the Treaty of 
Versailles. The pea(^e conference inserted in the 
Covenant of the League of Nations a provision 
which entrusted the League with the super¬ 
vision and execution of existing conventions in 
r(^gard to dangerous drugs. This work is to be 
carried on by U.N.O. So far as Great Britain 
is concerned the various agreements reached at 
conferences of the League have crystallised in 
the form of Regulations dating 1920-37. The 
broad effect of those is that the import, export, 
trade in, and manufacture of opium, or its 
medicinal preparations, or of morphine and its 
derivatives is strictly controlk^d and may bo 
carried on only by licence. Power has been 
taken to bring under control any new products 
dei ived from opium alkaloids whicdi are capable 
of [>roducing addiction or which may be con- 
\(‘rted into drugs of this nature. 

OPIUM ALKALOIDS. 

Opium occupies a unique position in respect 
of the number of alkaloids which it contains. 
These are dealt w'ith in detail below and fall 
naturally into five groups : (a) The morphine 
group, which contains the important alkaloids 
morphine, codeine, and thebaine; (6) the 

benzyb‘«oquinolinc group, the most important 
members of which are papaverine and narcotine; 

(c) diwoquinoline alkaloids such as cryptopine; 

(d) tetrahydroMoquinolinc alkaloids, represented 
only by hydrocotarnine ; and (c) alkaloids of un¬ 
known constitution. 

(a) Morphine Group. 

Morphine, Cj^HjgOgN .—This, the first vege¬ 
table alkaloi(l known, was isolated by Setiirner 
in 1895 (Trommsdorff’s Journal der Pharmazie, 
18, 234; see. also Ann. Chim. Phys. 1817, [ii], 
5, 21). It apparently occurs only in the opium 
poppy, for altjiough various investigators have 
reported the presence of traces of morxjhine in 
other papaveraceous plants, later research has 
invariably disproved tlte claim. The first 
analysis was made by Liebig, but the correct 
elementary formula was first published by 
Laurent {ibid, 1847, [iii], 19, 359). 

Properties .—It is generally met with as the 
monohydrate and is rendered anhydrous only 
slowly at 100", more rajiidly at 110". Morphine 
shows a tendency to sublimation at about 200" 
(Blyth, J.C.S. 1878, 33, 313), but does not melt 
until 247-248", with decomposition (Kempf, 
J. pr. Chem. 1908, [ii], 78, 201). 


Only slightly soluble in water: 1 in 5,000 at 
20°, 1 in 500 at 100°. The solubility in absolute 
alcohol is 1 in 90 at 10° and 1 in 11-6 at the b.p. 
IjCss soluble in amyl alcohol; 1 in 400 at 10°, 
! in 90 at the l).p. Very slightly soluble in ether, 
benzene, chloroform, or light petroleum (Florio, 
Gazzetta, 1883, 18, 496; Prescott, Pharm. J. 
187.5, (iii], 6, 404 ; Muller, Apoth.-Zt^. 1903, 18, 
257). Fabre (Bull. Soc. Pharm. Bordeaux, 
1924, 62, 68) gives the solubility in 100 g. benzyl 
alcohol as 50 g. (boiling) and 21-5 g. (20°) and 
in nitrobenzene as 0'.5‘] in 100 at 20° and 10-5 in 
100 at the b.p. Morphine is readily soluble in 
sodium hydroxide solution, but the calcium salt 
has a more restricted solubility of about 1% at 
room temj)erature. Dilute ammonia does not 
I dissolve morphine to any important extent. In 
methyl alcohol {c 2-3), —130-9° (Schryver 

and Lees, J.G.S. 1900, 77, 1024). For\lie 
sodium salt —70-2° (Hesse, Annalen, 1875, 
176, 190). Tykocincr (Rcc. trav. chim. 1882, 1, 
144) examined the optical rotations of a number 
of salts. Gompol and Henri (Compt. rend. 1913, 
157, 1422) compared the ultra-violet absorption 
spectrum of morphine with Hiose of codeine and 
phenanthrene. 

Morphine is a moderately strong base, the salts 
of which are neutral to litmus and, in general, 
easy to crystallise. ]\Tethyl Red is the best 
indieator for titrating the free base. The jain- 
ci])al salts used in nu'dicine are the hydro¬ 
chloride, sulphate, tartrate, and acetate. 
B,HCI,3H20 forms silky needles soluble 1 in 24 
in water at 15°, and 1 in 0-5 parts at 100°. 
Double salts are formed with mercuric and 
platinic chlorides. B2,H2804,6HgO shows a 
solubility very similar to that of the hydro- 
chloritle. The acetate contains SHgO, and is 
very soluble (1 in 2-25 in water at 25°). It loses 
acetic acid on standing in the air and ber'onuM 
coloured. The tartrate also contains SHgO, 
and forms efflorescent needles solubh^ in 11 parts 
water, and the acid tartrate contains and 

is much less soluble than the neutral salt. 
Claims have been made at times that salts other 
than those mentioned above are more suitable 
for medicinal use. Thus, Regnier (Compt. 
rend. Soe. Biol. 1936, 122, 789) states that the 
phonylpropionate is considerably less toxit; than 
the hydrochloride when injeeted subcutaneously. 
With this may be compared the observation of 
Eastland (Nature, 1944, 154, 829) that for a 
given dose of morphine, the period of narcosis 
is extended if the base is administered as 
mu cate. 

The most important alkyl derivative of mor¬ 
phine is the methyl ether, codeine, which is dis¬ 
cussed later. Besides this, ethylinorphine (m.p. 
of hydrochloride 117-123°) or ''Vionine,'' and 
benzylmorphine, or Peronine'' are employed 
in medicine to a small extent. Diacetylmor- 
phine (m.p. 169-172°) was known originally as 
“ heroin.” The hydrochloride melts at about 230° 
and is “ official ” in the British Pharmacopoeia 
under the designation “ diamorphino hydro¬ 
chloride.” Solutions of diamorphine sidts hydro¬ 
lyse slowly on standing. 

Normally alkylation or acylation leads to 
substitution in position 3 or to disubstituted 
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compounds; C-acylmorphines, which contain a 
phenolic hydroxyl, have only been obtained 
recently. Mannich (Arch. Pharm, 1939, 277, 
128) benzoylated 3-bonzylmorphine, obtaining 
the 3-benzyl-6-benzoyl compound, which with 
cold hydrochloric acid gave the 6-benzoyl deriva¬ 
tive. Heterocodeine, which is the 6-methyl 
ether, had to be prepared in a similar roundabout 
way (Mannich, ibid. 1916, 254, 349). 

When morphine is heated with 25% hydro¬ 
chloric acid in a sealed tube at 140° it loses the 
elements of water and apomorphine 
is produced. This may bo isolated by adding 
sodium bicarbonate in excess to the acid 
liquid and shaking with ether. By extracting 
the ether layer with hydrochloric acid the 
sparingly soluble hydrochloride may be ob¬ 
tained. A rather more convenient preparation 
is described by Oparina, Karasina, and Smirnov 
(Khim. Farm. Prom. 1934, No. 5, 18), who 
passed hydrogen chloride through a hot solution 
of morphine in phosphoric acid. The properties 
of apomorphine indicate that it still contains the 
original phenolic hydroxyl together with a 
second duo to fission of the oxygen bridge in 
morphine. A methylated pyridine ring is 
attached to the phenanthrene nucleus in posi¬ 
tions 8 and 9. Solutions of apomorphine are 
unstable when exposed to air and absorb oxygen, 
especially in presence of alkali, with production 
of a green, and afterwards a red colour. The 
physiological action of apomorphine differs en¬ 
tirely from that of the parent compoimd, since 
it produces no narcotic effect but acts as a 
powerful emetic {see Matthiessen and Wright, 
Proc. Roy. Soc. 1869, 17, 455; Marme, Z. anal. 
Chem. 1886, 24, 643; Pschorr et al., Ber. 1902, 
35, 4377). 

Morphinone, the ketone corresponding to 
morphane, is not known, but dihydromorphinone 
(“ Dilaudide ”), which has been introduced into 
the latest U.S. Pharmacopoeia, is obtained by 
heating a morphine solution in presence of a 
large amount of a platinum-metal catalyst 
(Knoll, G.P. 365683; 380919). Dihydromor¬ 
phine, m.p. 157°, the hydrochloride of which is 
known as ** Paramorfan ” is readily formed by 
mild hydrogenation (Skita, Ber. 1911, 44, 2862). 
It is much more stable than morphine and its 
dimethyl ether is identical with tetrahydro- 
thebaine. Morphine couples normally with 
diazotised aniline to give an azo-compound 
which is reduced to 2-aminomorphine by 
stannous chloride (Wieland, l.c.). 

Isomers of Morphine and Codeine. —Phos¬ 
phorus halides or thionyl chloride act on mor¬ 
phine or codeine to give a-chloro-morphide or 
-codide, in which the alcoholic hydroxyl is 
replaced by chlorine. When these chloro-com- 
poundfl are treated with concentrated hydro¬ 
chloric acid isomeric jS-compounds are formed 
(Ach and Steinbock, ibid. 1907, 40, 4281). If 
they are hydrolysed with boiling water or dilute 
acetic acid a mixture of isomeric morphines or 
codeines is produced. In a-t>omorphine the 
hydroxyl group is attached to as in morphine, 
while in the jS-wo- and y-iso- bodies the attach¬ 
ment is to Cg with a consequent shift in the 
double bond. The relationships developed may 
be illustrated as follows; 


Morphine Coddiie 

jl,2, j l, T), 6 

tt-Cliloromorphidc-- a-Chlorocodide 

i'-* 1" 

a-?wMorphine —/,so(\)dcino 
d- ^ + 

j8-/,voMor})liino —«//oF8 eudocodeine 

d d- 

y-ieioMurphine Pscudocodeino 


1. Scluyvcr and Lees, .T.C.S. 1900, 77, 1024. 

2. ()j*ptS Ber. 1908,41, 97.^>. 

3. W’ieland, Aiinaleii, 1911, 382, 300. 

4. Vongcricliten, ibid. 1881, 210, lOO. 

6. Freund, J. pr. Chem. 1921, |iil, 101, 1. 

C. Small, .1. Amer. (’hem. Soc. 1931,52, 2214. 

7. LeoK. .T.C.S. 1907,91. 1408. 

8. Spev'cr and Krans.s, Annalen, 1923, 432, 233. 

9. Knorr, Ber. 1907,40, 3844. 


A pharmacological comparison of the codeine 
isomers has been carried out by N. B. Eddy 
(J. Pharmacol. 1932, 45, 361) in which the 
general ooncluBion oiTivcd at was that iso- and 
pseudo-codeines possess certain advantages over 
codeine. Diliydrowocodcino was even more 
advantageous {ibid. 1934, 61, 35). 

Constitution. —It is convenient to discuss the 
structure of morphine and codeine together as 
they are so closely related. To avoid confusion 
the numbering adopted in the following discus¬ 
sion will be that of the attached Gulland- 
Robinson formula (I) for morphine (Mem. 
Manchester Phil. Soc. 1925, 69, 79), which is now 
accepted generally. 


NMe 



I. 


Morphine and codeine are tertiary bases which 
combine with 1 mol. proportion of alkyl halide. 
A dibenzoyl and a diacetyl derivative of mor¬ 
phine have been prepared, whence it may be 
inferred that the alkaloid contains two hydroxyl 
groups (Wright et al., J.C.S. 1874, 27, 1031; 
1876, 28, 16; 1880, 87, 610). One hydroxyl has 
phenolic properties; thus morphine dissolves in 
alkalis forming metallic derivatives in which 
1 atom of hydrogen is replaced by the metal 
(Chastaing, Compt. rend. 1882, 94, 44). Methyla- 
tion of morphine giv^s codeine (Grimaux, ibid. 
1881, 92, 1140, 1228; Hesse, Annalem, 1883, 
222, 203). This is non-phenolic, but behaves 
like a secondary alcohol in being capable of 
oxidation to a ketone, codeinone (Ach and 
Knorr, Ber. 1903, 36, 3067). Thus morphine 
and codeine may be written 

( 0 H)(CH 0 H)Ci 5 Hi 30 NMe 
and ( 0 Me)(CH 0 H)Ci 5 Hi 30 NMe, 
respectively. 
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The third oxygon atom in both substances is 
inert, and the inforonco that it is present as an 
ether linkage is confirmed by certain degrada¬ 
tions which involve the elimination of nitrogen 
and the eventual production of phenanthreno 
derivatives. Thus, codeine methiodide gives 
the normal quaternary ammonium hydroxide 
with silver oxide or sodium hydroxide, and this 
on warming loses water, forming methylmor- 
phimethine, ( 0 Me)(CH 0 H)Ci 5 Hi 20 NMe, in 
which the nitrogen is at the end of a side-chain 
(Grimaux, Ann. Ohim. Phys. 1882, [v], 27, 273; 
Hesse, l.c.). If the Hofmann degradation is 
carried a step further the nitrogen is eliminated 
as trimethylamino, as would bo expected. In 
addition, the tendency of the system to become 
(completely aromatic is sufficiently great to cause 
extrusion of the remainder of the side-chain as 
ethylene. The resulting non-nitrogenous pro¬ 
duct is methylmorphenol (II) (Knorr, Ber. 1889, 
22, 181 ; Vongerichten, ibid. 1899, 29, 65). 

ci-t) 

II. 



The demethylatod product morphenol (III) 
contains one phenolic hydroxyl and an inert 
oxygen atom which is etheric because on reduc¬ 
tion with sodium and alcohol the diphenolic 
compound rnorphol (IV) is obtained (Von¬ 
gerichten, ibid. 1898, 31, 3198). Pschorr’s syn¬ 
thetic 3:4-dimethoxyphcnanthrene {ibid. 1900, 
33, 1810) proved to be identical with morphol 
dimethyl ether (Vongerichten, ibid., p. 1824). 
Hence morphol is 3:4-dihydroxyphenanthrene. 



MeO OMe OMe 
VI. 


If methylmorphimothuie is boiled with acetic 
anhydride, it is partly decomposed into ethanol- 
dimethylamine, CH 2 (OH)-CH 2 -NMe 2 , and a 
methylmorphol (Knorr, Ber. 1889, 22, 1113; 
Vongerichten, ibid. 1897, 30, 2439). Pschorr 
s^thesised 3-hydroxy-4-methoxyphonanthreno 
{ibid. 1900, 33, 1810) which proved to be not the 
same as the above methylmorphol, which, there¬ 
fore, had to be formulated as 3-methoxy-4- 
hydroxyphenanthrone (V). It followed that the 
ether link existing in methylmorphenol had one 
point of attachment at position 4. The other 
end of this oxygen bri(ige was shown to be 
located at 5 by fusing morphenol with potas¬ 
sium hydroxide. This gave a trihyclroxy- 
phenanthrene (Vongerichten, ibid. 1906, 39, 
1718), the trimethyl ether of which was identical 
with synthetic 3:4:5-trimethoxyphonanthrcno 
(VI) (Pschorr, Annalen, 1912, 391, 40). 

As has already been mentioned, the secondarv 
alcoholic group in codeine may be oxidised to 
keto, giving codeinono. With boiling acetic 
anhydride this yields ethanolmethylamine and 
3-methoxy-4:6-dihydroxyphenanthrone (Knorr, 
Ber. 1903, 36, 3074) (Vll). This shows that the 
alcoholic grouping in codeine and morphine is 
present at position 6. 



VII. 

The evidence so far adduced might be con¬ 
firmed and strengthened in many ways. It is, 
however, sufficient to show that the morphine 
molecule may bo regarded as built up from the 
following complexes, which together contain 
four hydrogen atoms less than mor|)hine. 



and 

—CHg—CHg 

I 

—NMe 

Ring 3, which contains a secondary alcoholic 
group, must be partially reduced; and the work 
of Knorr {ibid. 1906, 39, 1414) and Pschorr 
{ibid., p. 3137) shows that ring 2 must be in a 
similar condition. The way in which the four 
additional hydrogen atoms are distributed 
between the reduced nuclei depends upon the 
points of attachment of the nitrogen complex. 
This is a matter which has aroused much con¬ 
troversy and the bringing forward of many 
formulas (see, e.g,, Knorr, ibid. 1889, 22, 1131; 
1899, 82, 742; 1903, 86, 3074; Pschorr, ibid. 
1902, 35, 4377; Knorr and Horlein, ibid. 1907, 
40, 2042; Von Braun, ibid. 1914, 47, 2312; 
Freund, ibid, 1916, 49, 1287; Faltis, Arch. 
Pharto. 1917, 255, 85). 
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GulJand and Robinson (J.C.S. 1923, 123, 986, 
998) reviewed the available evidence for the 
structure of morphine and (‘odeinc and stated 
their preference for positions 9 and 13 as the 
points of attachment for th(5 nitrogen ring. In 
this formula the carbon atom at 16 was linked 
to Cj^g, C^g, and Cg and there was no provision 
for an etliylenic bond in nucleus 3. Experi¬ 
ments carried out on hydroxycodeinone and its 
dihydro-derivative caused Gulland and Robin¬ 
son to revise their formula. They arrived at the 
conclusion that the former substance did not 
contain the grouping —CO—CHg— but that 
the latter substance did. This w^as moat easily 
explained by regarding the carbon atom at 15 as 
secondary instead of tertiary. This postulate 
necessitated the representation of a double bond 
in nucleus 3; the most likely position being 
C 7 —Cg. The revised formula is more in accord 
with such facts as the ready hydrogenation of 
morphine and codeine to (lihydro-compounds 
under mild conditions (p.r/., Skita, Her. 1911, 44, 
2862), and the addition of two hydroxyl groups 
to codeine w’ith dilute permanganate (Robinson 
and Cahn, J.C.S. 1926, 128, 908). 

Codeine. — Preparatlov. — (For preparation 
from opium, see p. 103d.) Most of the codeine 
manufactured is obtained by methylating the 
phenolic hydroxyl in morphine. Many pro¬ 
cesses have been employed for this purpose, but 
the yields are often rather low owing to the side- 
reactions resulting from the presence of the 
tertiary nitrogen atom and the alcoholic 
hydroxyl. The most successful method pub¬ 
lished would appear to be that described by 
Boehringer (G.P. 247180, 1909), which employs 
phenyltrimethylammonium hydroxide as the 
methylating agent. Rodinov (Bull. Soc. chim. 
1 926, [iv], 39, 3^05) describes the preparation and 
use of this compound {see also Pharm. J. 1945, 
155, 220). 

Properties .—Codeine is usually met with as 
the monohydrate, but may be obtained an¬ 
hydrous by drying at 100 *^, or by crystallising 
from dry ether or benzene. M.p. 155°, [a]D 
— 135*9° in 97% alcohol and —111*5° in chloro¬ 
form (Hesse, Annalen, 1875, 176, 189), Codeine 
is sparingly soluble in water (1 in 120 at 20 °; 
1 in 31 at 100°) and in light petroleum, rather 
more soluble in ether, moderately soluble in 
benzene, readily soluble in acetone, alcohol, and 
chloroform {see Rakshit, Analyst, 1921, 46, 481). 

Codeine is more strongly basic than morphine. 
The neutral point of the hydrochloride is at 
pH 4*93, as against 4*68 for the morphine salt 
(Rasmussen, Z. Eloktrochera. 1925, 31, 189). 
The salts in general use are the hydrocMoridCf 
the sulphate, and the phosphate. B, H C1,2 H gO, 
m.p. 264° (anhyd), short needles soluble in 28*5 
parts of water at 16°. B 2 ,H 2 S 04 , 6 H 20 , m.p. 

278°, readily loses 2 H 2 O in air, is completely 
dehydrated at 190°, but regains SHgO on re¬ 
exposure ; soluble in 40 parts of water at 15°; 
very sparingly soluble in alcohol (about 1 in 
1,100). The phosphate, B,H 3 P 04 , may occlir 
with varying proportions of water, but that of 
the British Pharmacopceia contains 1 HoO, 
soluble in 3*5 parts of water at 16°. The saUcyuUe 
is a difficultly soluble salt. Picrate, m.p. 197°. • 

Reactions .—Like morphine, codeine givbs by 


catalytic hydrogenation a dihydro-compound, 
m.p. 112 ° (anhyd), by addition of hydrogen in the 
7:8 position {see, e.g., Skita, Ber, 1911, 44, 2862). 
This compound is termed “ Paracodin ” com¬ 
mercially. Codeine is much more stable to 
oxidising agents than is morphine. With hot 
chromic-acid mixture the ketone codoinone is 
obtained (Ach and Knorr, ibid. 1903, 36, 3067), 
while in the cold 9 -hydroxycodeine is the main 
product {idem, ibid.). Very dilute perman¬ 
ganate effects addition of tw^o hydroxyl groups 
to the double bond (Cahn and Robinson, J.C. 8 . 
192(>, 128, 908). 

As with moriJiine, 30% hydrogen peroxide 
gives rise to a N-oxide (Freund and Speyer, J. pr. 
Chem. 1916, [ii], 94, 135). This, with potassium 
chromate, produces norcodeino with loss of 
formaldehyde (Diels and Fischer, Ber. 1916, 49, 
1721). The action of allyl bromide on this 
dcmethylated codeine gives N-allylnorcodeine, 
which is said to have a pharmacological action 
opposite to that of morphine (Pohl, Z. exp. Path. 
Therap. 1915, 17, 370). 

Nitric acid in glacial acetic acid gives the 2- 
nitro-derivative (Knorr, Ber. 1909, 42, 3503). 
Acetjdatiori with acetic anhydride proceeds 
normally to give aceiylcodeine, m.p. 133°. 

If codeine hydrochloride or hydrobromide is 
dissolved in 30% formic acid and 30% hydrogen 
peroxide is added, a monohalogen derivative 
which is still alcoholic is obtained (Speyer and 
Rosenfcld, ibid. 1925, 58 [B], 1110). On the 
other hand, w ith the aid of phosphorus halides, 
the alcoholic group in codeine may be readily 
replaced by halogen, giving chloro- or bromo- 
codidc ( 6 *ce morphine section, p. 1066). 

Uses .—The phosphate is the compound most 
used in medicine. It finds considerable employ¬ 
ment as a constituent of various compound 
analgesic tablets and cough preparations. 

Detection .—Codeine is distinguished from mor¬ 
phine by not giving the colour reaction with 
ferric chloride, and by producing with nitric acid 
a yellow and not a red colour. Concentrated 
sulphuric acid does not colour codeine except 
after long standing, but if a trace of nitric acid 
or ferric chloride is added to the mixture it 
becomes blue. Wagenaar (Pharm. Woekblad, 
1927, 64, 671) describes numerous microchemical 
tests for codeine. 

Thebaine, CjgHgiOgN, occurs in opium to 
the extent of ()1--1%. It was discovered by 
Pelletier (Compt. rend. 1835, 1, 11), and the 
correct composition was first determined by 
Anderson (J. pr. Chem. 1852, [i], 67, 368), who 
described its isolation from opium (Annalen, 
1853, 86, 179 ; see aho Hesse, ibid. 1870, [i], 153, 
47). Hesse treated the mother-liquors from 
which morphine and codeine had been separated 
with excess alkali. Dilute acetic acid dissolved 
out from the precipitate thus obtained only the 
strong bases, and on adding excess tartaric acid 
to the solution of acetates sparingly soluble 
thebaine acid tartrate crj’^stallised out. 

Properties .—Thebaine crystallises from alcohol 
in leaflets, m.p. 193°, [a]p —218*6° in 97% 
alcohol (Hesse, ibid. 1875, 176, 189). Practically 
insoluble in water or alkalis but dissolves in 140 
parts of ether, 69 parts of amyl alcohol, 19 parts 
of benzene, or 18 parts of chloroform. 
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Tt is a strong monoacidio base and gives a 
hydrochloride^ B,HCI,H 20 , soluble in 15 parts 
of cold water. The acid tartrate^ which also con¬ 
tains 1 mol. of water of crystallisation, is soluble 
in 130 parts of water and the salicylate is even 
less soluble. The alkaloid is poisonous and 
exerts a tetanising action which is, however, less 
then thaji that of strychnine. With concentrated 
sulphuric acid a bright red colour is produced. 

Constitution and Bead ions. —Howard and 
Roser (Ber. 1884, 17, 527; 1886, 19, 1596) 
showed that the base contained two methoxyl 
groups and a tertiary nitrogen. They expressed 
its relationship to morphine and codeine as 
follows: 


OH 


^OH 

Morphine. 




OH 


OMe 

Codeine. 


/OMe 

\OMe 

'J’hebaine. 


This close relationship is shown by the 
similarity of the products obtained by the treat¬ 
ment of thebaine on the one hand and codeinone 
on the other. Thus Howard and Roser found 
that with hot concentrated hydrochloric a(‘id 
thebaine gave inorphothebaine, C 17 H 17 O 3 N. 
This base, which is similar in structure to apo- 
morphino (Pschorr, Annalen, 1911, 382, 50), 
may also bo obtained by treating codeinone in 
the same manner (Knorr, Ber. 1903, 36, 3074). 
With hot dilute hydrochloric a<‘id thebaine 
yields a secondary base named theheninCy 
CisHiftOgN (Freund, ibid. 1897, 30, 1357; 
1899, 32, 168), and the same product is obtained 
from codeinone (Knorr, Lc.). A further re¬ 
semblance is shown by the behaviour of the two 
substances in question towards hot acetic 
anhydride. Both yield ethanolrnethylamine and 
thebaine gives in addition thebaol ( 1 ) a phenolic 
phenanthrene derivative (Freund and Gobcl, 
ibid. 1895, 28, 941). This gives a methyl ether 



(Vongerichten, ibid. 1902, 36, 4410), which is 
identical with 3:4:6-trimethoxyphcnanthrene 
synthesised by Pschorr {ibid.y p. 4400). Methyl- 
thebaol is also produced by methylating the 3- 
methoxy-4;6-dihydroxyphenanthrene produced 
by the action of acetic anhydride on codeinone 
(Knorr, l.c.). Here the hydroxyl at position 4 is 
derived from the splitting of an ether bridge, so 
that thebaine must possess a methoxyl group at 
6 . Finally it may be mentioned that by boiling 
thebaine with dilute sulphuric acid a small yield 
of codeinone may be obtained (Knorr, ibid. 
1906, 89, 1409). 

Consideration of such reactions siiggests that 
codeine thebaine possess the same four- 


ringed skeleton, and that the two methoxyl 
groups of thebaine are situated at positions 3 
and 6 . The production of codeinone (II) may 
be explained by postulating that thebaine ( 111 ) 
is the methyl ether of the enolic form of 
codeinone. 



'W - 

MeO 


NCH3 




^-CH, 

\ _ 


/ 


OMe 


In the above formula, due to Gulland and 
Robinson (Mem. Manchester Phil. Soc. 1925, 
69, 79), thebaine is represented as x^ossessing two 
double bonds. In practice it is found that by 
catalytic hydrogenation a dihydro-compound is 
readily formed {e.g.y Freund and Speyer, Ber. 
1920, 53 [BJ, 2250; Skita, ibid. 1921, 54 [B|, 
1560). Tetrahydrothebaine is produced with 
more difficulty (Schopf, Annalen, 1927,452, 232). 
Dihydrothebaine is hydrolysed by boiling concen¬ 
trated hydro(diloric acid to the medicinally em¬ 
ployed dihydrocodeinone JJicodide”) (Freund 
and Speyer, l.c.). Acodicone, which is the acetyl 
derivative of enoli(5 dihydrocodeinone, is also 
used in medit ine. 

Neopine, CjgHgiOgN, was separated by T. 
and H. Smith in the form of hydrobromidc, m.j). 
282-283°, from linal opium mother-liquids. 
Dobbie and Lauder (J.C.S. 1911, 99, 34) showed 
that it contained one methoxyl groui) and was a 
tertiary base and found that its absorption 
spectrum and colour reactions resembled those 
of codeine; Like codeine it was somewhat 
soluble in water. Van Duin, Robinson, and 
Smith {ibid. 1926, 903) found that it hydro¬ 
genated to give dihydrocodeine identical with 
the product from codeine itself, and on the basis 
of certain degradation reactions concluded that 
it was a structural isomer of codeine differing 
only in that the double bond occupied the 
position 8:14 instead of 7;8. Although the salts 
with mineral acids showed a positive rotation, 
the base itself had [a]^, —28-1° in chloroform. 

Pseudomorphine, CgiHggOgNg, was firs* 
isolated from opium by Pelletier (Annalen, 1835, 
16, 27), though Hesse {ibid. 1867, 141, 87) 
describes the separation more fully. It is so 
easily formed by gentle oxidation of morphine, 
especially in alkaline solution, that it is doubtful 
whether it really occurs preformed in opium. 
It is best obtained by oxidising morphine with 
alkaline potassium ferricyanide (Vongerichten, 
ihid. 1896, 294, 206). PseudomorpMne, m.p. 
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327°, is sparingly soluble in the usual solvents With sulphuric and iodic acids it gives a purple 
but dissolves in pyridine or benzyl alcohol. The coloration changing to green. Warren (J. Auier. 
hydrochloride, [aj^ —103*1° (in water), dissolves Chem. Soc. 1915, 37, 2402) has proposed the 
only to the extent of 1*4% in cold water, and the reaction of papaverine ferricyanide with Mar- 
sulphate is even less soluble. The structure of quis’ reagent (formaldehyde in sulphuric acid) 
pseudomorphine is not known with certainty, as characteristic. A light blue colour is obtained, 
It has been formulated as a dimolecular product which becomes violet, green, and finally a dirty 
obtained by the carbon to carbon union of two yellow. 

morphine molecules in positions 1 or 2, but this Reactions and Constitution .—Our knowledge of 
does not explain why, of the four hydroxyl the constitution of papaverine is mainly due to 
groups in the molecule, only one appears to bo Goldschmiedt (Monatsh. 1883, 4, 704; *1885, 6, 
phenolic, or why the two nitrogen atoms should 372 , 667, 954; 1886, 7, 488; 1887, 8, 510; 1888, 
differ in behaviour (Small and Ifaris, J. Amer. 9 , 42 , 327, 349). 

Chem. Soc. 1934, 56, 1930). Small and Faris He found that four methoxyl groups were 
(l.c.) have prepared the four possible pseudo- present, for with hydriodic acid four equivalents 
morphines by oxidation of the corresponding of methyl iodide were formed, together with a 


morphine isomers. 

Porphyroxine ” 


phenolic substance, papaveroline. Oxidation 
Merck with neutral permanganate gave veratric acid 


^ JOMe 

OMe 


HOOCL N 

Y 

COOH 


(Annalen, 1837, 21, 201) obtained a substance (l)^ pyridine-1:2:3-tricarboxylic acid (II), and 
from Bengal opium to which he gave the above an acid thought at first to bo hcmipinic acid, but 
name. It appears to have been a mixture (Hesse, shown later to bo metaheinipinic acid (111). 
ibid. 1870,168,47). Later, Hey (Pharm. J. 1882, 

[iii], 12, 397) found that on treating an aqueous COOH ur^r^n 

extract of Indian opium with ammonia and HOOC| > 

agitating with ether, the ethereal solution con- f ^ m 

tained a substance which gave a rich purple llriiui HOOC-^ N 

colour with hydrochloric acid. He regarded tliis | 

“porphyroxine test” as peculiar to Indian OMe COOH 

opium, but Bamford (Analyst, 1930, 55, 445) ^ 

found that it was also given by Turkish opium. 

Rakshit (J.C.S. 1919, 115, 445; Ber. 1926, 

69 [B], 2478) has claimed the isolation of the base I I! 

responsible for the colour reaction in a pure MpHl Urnnw 

state. He described it as melting at 135°, being 

appreciably soluble in water, and having [al^ m 

—139*9° in chloroform. It contained a tertiary 

nitrogen, a methoxyl group, an alcoholic AUsaline fusion gave a neutral body and a base, 
hydroxyh and a carbonyl group. Mac^guchi (J. ^he neutral compound was a dimethoxytoluone, 
Pharm. Soc. Japan, 19..6, 629, 19) isolated from methyl group of which oxidised normally to 

.alar^nnociA a ai*! Karo i*r% rYiAir.tTirr_ • - ^ ... 


MeOi^ \COOH 


Japanese opium a substance agreeing in melting- 


carboxyl, giving veratric acid. The base was at 


point and other characteristics with por- first considered to be a dimethoxyquinoline. A 
phyroxme, which on exammation proved to be however, it was shown to be a di- 

a mixture of codamine, mecom^e and lauda- methoxyiaoquinoline (IV), for on oxidation it 

tWo products, namely metahemipinic acid 
Rakshit, Rajagopola (Current Sci. 1943,12, 24) cinchomeronic acid (V) whereas a quinoUne 
regards porphyroxine as being merely impure would have given only a pyridinecarboxylic acid. 


{b) Benzyl/50quinoliije Group. 

Papaverine, C 20 H 21 O 4 N.—^This alkaloid 
was discovered in morphine mother-liquors by 
Merck (Annalen, 1846, 66, 126; 1850, 73, 60), 
who analysed the base and assigned it the above 
formula. 

Properties .—Rhombic prisms, m.p. 147°. Al¬ 
most insoluble in water, sparingly soluble in 
ether, readily soluble in chloroform, benzene, and 
hot alcohol. Papaverine is very stable towards 
heat and can be sublimed. It is a weak mono- 
acidic base and is optically inactive. The hyd/ro- 
chloride forms monoclinic crystals soluble in 
about 40 parts of water at 60° and melting about 
220°. The acid oxalate, m.p. 196°, is sparingly 
soluble in alcohol and is often used to purify the 
base. Medicinally, papaverine exerts an anti- 
spasmodic effect on smooth muscle. 

Detection .—^Cold sulphuric acid dissolves it 
without coloration, but commercial samples may 
give a violet colour due to the presence of crypto¬ 
pine (Pictet and Kramers, Ber. 1910, 48, 1329). 



HOOCjj^ ^ 

HOOc'l^^N 


^OMe 

Me 


It was now evident that papaverine was built 
up from, an tsoquinoline nucleus united to a 
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nitrogen-froe portion represented by the veratric 
' acid. The point of utiioii was evident from the 
permanganate oxidation, which had yielded 
pyridine-1:2:3-tricarboxylic acid as one product. 
Papaverine could therefore be represented as 
early as 1888 by the formula given above (VI). 
It was the first opium alkaloid the constitution 
of which was determined, and the first alkaloid 
shown to be an w’oquinolino derivative. 

Goldschmiedt had already shown that oxida¬ 
tion of papaverine with acid permanganate gave 
papaveraldinc, a ketonic base, the molecule of 
which contained as many (carbon atoms as the 
original substance. This could now be formu¬ 
lated by replacing the CHg link in papaverine 
by CO. It has been stated that jjapaveraldine 
is capable of reduction to papaverine with zinc 
and acetic acid (Stuchlik, Monatsh. 1910, 21, 
813), but this could not bo confirmed by Buck, 
Porldn, and Stevens (J.C.S. 1925, 127, 14G2), who 
obtained the secondary alcohol papaverinol, 
which could bo converted to papaverine by the 
action of hydro bromic add in glacial acetic acid, 
followed by reduction with zinc dust. 

Several reduction products of papaverine are 
known. The action of tin and hydrochloric acid 
leads to a mixture of pavine and tetrah 3 ulro- 
papaverine (Pyman, J.C.S. 1909, 95, 1610; 
1910, 97, 1320; 1915, 107, 176). Pavine may 
bo resolved into optically active com])oncnts. 
This and other properties are explained by 
postulating the formula (Vdi). 

MeoL !l NH 

CH. 

J ■ 

1.^ jloMe 

Sivie 

vjr. 

Papaverine has boon synthesised on several 
occasions, the first complete synthesis being due 
to Pictet and Gams (Per. 1909, 42, 2943). 
Veratrol was converted by the Friedol-Crafts 
reaction to acetoveratrone and the wonitroso- 
derivative of this, reduced with tin and hydro¬ 
chloric acid, gave aminoacetoveratrone. (’on- 
densation with homoveratroyl chloride jdelded 
homoveratroyl - cu - aminoacetoveratrone, which 
could be reduced to the alcohol (VIII). Under 
the influence of phosphorus pentoxide ring 
closure to papaverine took place (see also Kosen- 
mund et ah, Ber. 1927, 60 [B], 392; Mannich and 
Walther, Arch. Pharm. 1927, 2^, 1; Buck, 
J. Amer. Chem. Soc. 1930, 52, 3610; Pictet and 
Finkelstefii, Ber. 1909, 42, 1979). In the last 
two syntheses l:2-dihydro- and 3;4-dihydro- 
papaverine were produced, respectively. These, 
together with tetrahydropapaverine may be 
dehydrogenated to papaverine with the aid of 
pcdladinwed asbestos (Sp&th and Burger, ibid. 
1927, 50 [B], 704). 


CHOH 

MeOr-'" 

MeOy J /NH 


CHg 

L )oMe 

OMe 

VIII. 

Narcotine, C 22 H 23 O 7 N, occurs in opium as 
the free base in amounts varying from 1 to 10%, 
and was first isolated, in 1817, by Kobiquet, wlio 
extracted opium Avith ether. 

Projierlies. —Prismatic needles, m.p. 176” 
(Hesse, Annalcn, 1875, 178, 241). Almost in¬ 
soluble in w'ater and light petroleum. At 20”, 
100 c.c. of saturated solution contain the following 
Avcights of narcotine in g.: other 0-4, benzene 
3*4, chloroform 45-9 (.9cc also Rakshit, Analyst, 
1921, 46, 481). Solubility in alcohol is I in 100 
at 15”, 1 in 20 at 78°. [aj^ —200° in chloroform 
(Perkin and Robinson, J.C.S. 1911, 99, 775). 
The salts are dextrorotatory. Narcotine is in¬ 
soluble in cold alkalis; in hot alkali hydroxides 
it dissolves owing to the opening of a lactone ring 
(Rabe and McMillan, Annalen, 1910, 377, 223). 
Narco tine is a feeble, monoacidic, tertiary base. 
The principal salts crystallise with difficulty, and 
from their solutions, even when strongly acid, 
solvents extract the free alkaloid to a consider¬ 
able extent (Pliigge, Arch. Pharm. 1887, 225, 
343). The hydrochloride crystallises with vary¬ 
ing amounts of w'ater, is rather soluble (about 
1 in 4), and readily gives basic salts. 

lieactions arid Constitution. —Hydrolysis has 
been performed under both reducing and 
oxidising conditions and results in the splitting 
of the molecule into basic and non-basic por¬ 
tions. Thus nascent hydrogen converts narco- 
tine to meconine and hydrocotamine (Beckett 
and W'^right, J.C.S., 1875, 28, 573), and oxidation 
with dilute nitric acid gives opianic acid and 
cotarnino (Anderson, Annalen, 1853, 86, 179). 

Cotarnine, Cj2^i6^4^> ^ ^ methoxylated 
secondary base which gives an oxime and may 
be written (CH0)(0Me)(NMe)(C9H„02). On 
oxidation, there results an o-dibasic acid named 
cotamic acid, whi(.*h readily gives an anhydride 
and may be formulated 

(C00H)2(0Me)(CeH)(CH202). 

With hydriodic acid and phosphorus this com¬ 
pound yields gallic acid (3:4:5-trihydroxybenzoic 
acid), showing the presence of a methylenedioxy- 
group adjacent to methoxyl (Roser, ibid. 1888, 
249, 156; 1889, 254, 359; Freund and Wulff, 
Bor. 1902, 85, 1737). The relative positions of 
the groupings were first shown by Freund and 
Becker, 1903, 86, 1521, who asorilM to cotarnic 
acid the following formula (I) which was con¬ 
firmed by synthesis (Perkin and Kobinson, 
J.C.S. 1909, 95, 1977). 
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Evidently there were still two possible formulae 
for cotarnine itself. Of these the following, (II), 
derived from a study of cotarnine anil, was 
regarded as most probable (Freund and Becker, 


NHMe 



N-Me 


CH 



NMeOH 


Z.C.). Although cotarnine is usually represented 
as shown, it can also exist as a carbinol base 
(III) or an ammonium base (IV). (For the 
evidence regarding this matter afforded by 
Examination of the spectra of cotarnine solutions, 
see Dobbie, Lauder, and Tinkler, ibid. 1903, 83, 
698; 1905, 85, 121). Formation of cotarnine 
salts is believed to take place with loss of water 
and ring closure, and reduction in acid solution 
to hydrocotarnine may thus be considered as 
addition of hydrogen to the double bond, 
Opianic Acid (V) is a monobasic aldehydic 
acid, which from a study of its dibasic oxidation 
product, hemipinic acid, was formulated by 
Wegscheidor as shown below (Monatsh. 1882, 
3, 348; 1883, 4, 262). On reduction it gives 



MeO' 


CHO 


meconine, which is the lactone of the corre¬ 
sponding alcohol (Matthiessen and Foster, J.C.S. 
1863, 8, 342; Wright, ibid. 1876, 29, 170). 
Opianic acid, hemipinic acid and meconine have 
been synthesised by Perkin {ibid. 1925, 127, 
196). 


From a consideration of the formula assigned 
to opianic acid and hydrocotarnine, Rosor in 
1889 proposed the following formula for narco- 
tine (VI). This was eventually confirmed by the 
synthesis, desciribed by Perkin and Robinson 
{ibid. 1911, 99,775), who succeeded in producing 
dZ-narcotine by boiling meconine and cotarnine 
together in alcohol. 



Gnoscopine, C22H23O7N. —This was first 
obtained from opium by T. and H. Smith 
(Pharm. J. 1878, [iii], 9, 82). it formed white 
woolly needles, m.p. 233"', from alcohol. In 1893 
the same authors showed that when narcotine 
was heated with acetic acid it was partly con¬ 
verted into gnoscopine {ibid. 1893, [iii], 23, 794), 
and later Rabe and McMillan (Bcr. 1910, 43, 
800) and Perkin and Robinson (J.C.S. 1911, 99, 
775) showed that gnoscopine was in fact dl- 
narcotine. The last-mentioned authors suc¬ 
ceeded in resolving gnoscopine with d-brorao- 
camphorsulplionic acid and accomplished its 
83 mthesis by condensing cotarnine and meconine. 

Codamine, C 20 H 25 O 4 N. —Isolated by Hesse 
(Annalon, 1870, 153, 47), this strongly basic 
alkaloid crystallises in six-sided prisms from 
ether or ligroin, m.p. 126° (Hesse, Ber. 1871, 4, 
693) and gives amorphous salts. It contains one 
phenolic hydroxyl group in position 7 of the 
woquinoline nucleus, and three methoxyl groups. 
Spkth and Epstein, who demonstrated the 
above facts, also achieved the synthesis of the 
racemic alkaloid and showed that natural coda¬ 
mine gives d-laudanosine on methylation {ibid. 
1926, 59 [B], 2791; 1928, 61 [B], 334). 



** Pseudopapaverine **,—Hesse (Annalen, 
1870, 153, 47) claimed the isolation of this 
alkaloid, which, however, was demonstrated by 
Sp&th and Polgar to be papaverine (Ber. 1926. 
69, 2787). 
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Narcotollne, C 2 iH 2 i 07 NThia, the moat 
recently disco vored of the opium alkaloids, was 
found in poppy capsules by Wredo (Arch. exp. 
Path. Pharm, 1937, 184, 331). It was isolated 
by means of the sparingly soluble acid tartrate^ 
m.j). 202”. The base itself possessed —189” 
in chloroform, in which it was easily soluble, 
while the solubility in ether and alcohol was loss 
marked. It was found to bo a partially doraethy- 
lated iiar(;otine, having one hydroxyl group in 
the cotarnine half of the molecule, and giving 
rise to narcotine on treatment with diazo¬ 
methane. The physiological action resembled 
that of narcotine but was weaker. 

“Xanthaline”, CgoHj^^^OgN .—First isolated 
from opium by T. and H. {Smith (Pharm. J. 1893, 
[iii], 23, 793). Subsequently Dobson and Perkin 
(J.C.S. 1911, 99, 135) showed that this base, 
m.p. 210 ”, was identical with papaveraldine, a 
simple oxidation product of papaverine in which 
the CHg link between the benzene and woquino- 
line nuclei is replaced by carbonyl. The base 
is a- very weak one and its naznc is derived from 
the fact that it forms intensely yellow salts. 

Laudanosine, C 21 H 27 O 4 N.—Hesse found 
traces of this allcaloid in opium (Ber. 1871, 4, 
093). Later it was shown that when papaverine 
methochloride is reduced with tin and hydro¬ 
chloric acid it furnishes (//-N-mcthyltetrahydro- 
papaverine, m.p. 115”, and this on crystallisation 
of the quinate separates into the d- and Z-bases, 
the former being identical with natural lauda- 
nosinc. It crystallises from ligroin in nec^dles, 
m.p. 89”, and is very solubh'. in chloroform, 
ether, and alcohol, [alo-l- 103*2” in alcohol. 
Laudanosine is more poisonous than papaverine 
and somewhat resembles thebaino in physio¬ 
logical action; it exerts no narcotic effect 
(Pictet and xithanasescu, ibid. 1900, 33, 2340; 
cf. Pyman, J.C.S. 1909, 95, 1610). A syuithesis 
of laudanosine has boon effectod by Pic tot and 
Finkelstein (Corapt. rend. 1909, 148, 925). For 
oxidation products of laudanosine, see Pyman 
(J.C.S. 1909, 95, 1 266) and Gadamer and Kondo 
(Arch. Pharm. 1915, 253, 28). The conversion 
to r-glaucine is given by Pschorr, Bor. 1904, 37, 
1926, and Gadamer, Arch. Pharm. 1911, 249, 
680. 
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Oxynarcotine, C22H230yN.—This alkaloid 
was separated by Mayer (Proc. Phil. Soc. Glas¬ 
gow, 1871), and later by Beckett and Wright 
(J.C.S. 1876, 29, 461 J, from impure narceine. It 
differs from narcotine in yielding cotarnine and 
hemipinio acid instead of cotarnine and opianic 
acid on oxidation with ferric chloride. Rahe 
VoL. IX.-~8 


and McMillan (Annalen, 1910, 377, 223) con¬ 
jectured that oxynarcotine and nomarceine 
wore the same, but differences in solubility and 
in the water of cT 3 ’^stallisation hold by the two 
bases and their hydro(Jilorides make this doubt¬ 
ful. 

Laudanine, C 20 H 25 O 4 N.—This was found 
in minuto amounts in the alkaline mother- 
liquors from morphine extraction (Hesse, ibid. 
1870, 153, 47). Tho base forms'rhombic; prisms, 
m.p. 166”, from alcohol. It contains throe 
methoxyl groups and one phenolic hydroxyl 
group, and gives a green coloration with ferri(; 
chloride. The structure is shown by the fa(;t 
that it gives a mixture of laudanine methiodide 
and dZ-laudanosine on mcthylation (Hesse, J. })r. 
(3iem. 1902, [ii], 65, 42; cf. Spath, Monatsh. 
1920, 41, 297). This base presents one of the 
rare examples of natural occurrence of the 
racemic; form of an alkaloid. It has been syn¬ 
thesised by Spatli and Lang, Monatsh. 1921, 42, 
273. 
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“ Laudanidine ”, C 20 H 25 O 4 N.—Hesse (An¬ 
nalen, 1894, 282, 208) found an optically active 
impurity in the mother-liquors from natural 
laudanine hydrocliloride which possessed the 
same molecular formula as laudanine and gave 
the same colour reactions. He surmised that 
the new alkaloid, which he termed laudanidine, 
was in reality /-laudanine. Later, Spath and 
Burger (Monatsh. 1926, 47, 733) synthesised the 
two enantiomers of laudanine by demethydating 
the corresponding optically active laudanosinos. 
They found that /-laudanine was identical with 
laudanidine and that a mixture of equal amounts 
of d- and /-laudanines gave a produc;t correspond¬ 
ing to natural laudanine, thus proving Hesse’s 
conjecture. The base has m.p. 184-185” and 
[a]p —100” in chloroform (Spath, Ber. 1925, 58 
[BJ, 200, 1272), and cannot be racemised by the 
most drastic treatment. Spath also showed that 
the alkaloid iritopincy isolated by Kauder (Arch. 
Pharm. 1890, 288,41 9) is the same as laudanidine. 

Narceine, C 23 H 270 gN, occurs in opium to 
the extent of 0 * 1-0*4%. Owing to its amphoteric 
nature narceine remains dissolved in aqueous 
extract of opium during the process of removal 
of the other principal alkaloids. It may bo 
recovered from the final mother-liquors by the 
method described by Anderson (Amialen, 1853, 
86 , 182) who, however, was not the discoverer 
of this alkaloid, that honour falling to Pelletier 
{ibid. 1833, 5, 163). Freund and Frankforter 
{ibid. 1893, 277, 20) first established the true 
empirical formula. 
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Properties ,—Crystallises in white silky needles 
containing SHgO and melting at 170° from water 
or 80% alcohol, in both of which it is very 
sparingly soluble in the cold. The monohydrate 
is obtained by heating at 100° and melts in¬ 
definitely at 140-145°. The anhydrous base 
melts at 145° (Hesse, ibid. 18G4, 129, 260), and, 
unlike the trihydrate, is soluble in chloroform 
and benzene. Narceine is optically inactive and 
has no marked physiological action. It is a very 
weak monacidic base which forms well-crystal¬ 
lised salts with acids. The best known of these 
is the hydrochloride^ which may contain varying 
amounts of water of crystallisation. This salt 
may be obtained anhydrous at 120° and then 
melts at 188-192°. Narceine is also a weak 
monobasic acid, and potassium and sodium salts, 
melting at 90° and 100°, respectively, may be 
prepared in crystal form by adding ether to their 
alcoholic solutions (Freund, l.c.). Freund also 
found that with boiling alcoholic hydrogen 
chloride the hydrochloride of the ethyl ester was 
formed, m.p. 206-207°. 

With methyl iodide, narceine methyl-ester 
methiodide, C23H2c(CH3)08N,CH3l, m.p. 193- 
194° is produced. 

Reactions and Constitution .—^Narceine gives 
with chlorine-water, followed by ammonia solu¬ 
tion, a blood-red colour. Alone among opium 
alkaloids it gives an intense bluish colour and 
precipitate with weak iodine solution, which is 
destroyed by those media dissolving narceine. 

Narceine contains three OMe groups (Freund) 
and one NMCg group (Herzig and Meyer, 
Monatsh. 1895,16, 699) which shows that the N 
does not form part of a ring but stands at the end 
of a chain. It contains the grouping C H 2 —CO, 
for it is possible to obtain an i^fonitroso deriva¬ 
tive, and with hydroxylamine the anhydride of 
the normal oxime is formed (Freund, Ber. 1909, 
42, 1084). The constitution of narceine is 
established by the fact that it may be prepared 
by heating narcotino methochloride with alkalis. 



OMe 



In practice, the transformation is more advan¬ 
tageously performed by boiling narcotine and 
methyl _p-toluenesulphonate in dilute alkali 
(Rodionov, Bull. Soc. chim. 1926, [iv], 39, 305). 

In addition to the papers already mentioned, 
the following may bo consulted : Roser, Annalon, 
1888, 247, 169; Addinall and Major, J. Amer. 
Chem. Soc. 1933, 55, 1202. 


(c) “ D1/-SOQUINOLINE ” Alkaloids. 
Cryptopine, C 21 H 23 O 5 N .—This optically in¬ 
active alkaloid was first isolated by T. and H. 
Smith (Pharm. J. 1867, [ii], 7, 595, 716). Watt 
found as much as 0-3% in Indian opium {ibid. 
1918, 100, 147). The base crystallises from 
alcohol in prisms, m.p. 218°, and the salts form 
jellies which crystallise only on long standing. 
The hydrochlorid'C molts and decomposes at 235°. 
W. H. Perkin (jun.) in an exhaustive investi¬ 
gation deduced the subjoined formula (J.C.S. 
1916,109,815; 1919,115,713). 



The synthesis was elTccted by Haworth and 
' Perkin {ibid. 1926, 1769). It is diflicult to free 
papaverine completely from traces of crypto¬ 
pine and many colour reactions once ascribed to 
papaverine, such as the dark blue-violet colour 
with concentrated sulphuric acid, have been 
shown to be due to traces of cryptopine (Pictet 
and Kramers, Ber. 1910, 1329). 

Protopine, C 20 H 19 O 5 N. —This alkaloid has 
been found in at least 23 papaveraceous plants 
and is best obtained from the root of Dicentra 
spectabiliSf which contains almost 1% of the base 
(Danckwortt, Arch. Pharm. 1912, 250, 690). 
The laborious separation from opium was carried 
out by Hesse (Ber. 1871,4,693). Protopine forms 
colourless monoclinic prisms, m.p. 208°, which are 
sparingly soluble in cold alcohol or other. Perkin 
(J.C.S. 1916, 109, 816) showed that it differed 
from cryptopine only in possessing a methylene- 
dioxy-grouping in place of the two methoxyls. 


{d) Tbtbahydbo/soquinolinb Alkaloids. 

Hydrocotarnine, C, 2 H„ 03 N .—Hesse found 
this alkaloid in opium mother-liquors (Annalen 
Suppl. 1872,8, 261), but it is not certain whether 
it exists preformed in opium, as Beckett and 
Wright (J.C.S. 1876, 28, 673) have reported that 
it is produced by the hydrolysis of narcotine 
with water at 140°. A more convenient prepara¬ 
tion is by the reduction of cotarnine with zinc 
and hydrochloric acid (Beckett and Wright, l.c.). 
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Hydrocotarniue lias m.p. 56° and normally 
crystallises with I HjjO, which is lost just above 
the melting-point. It may be pui'ified through 
the hydrohromide, ni.p. 230". Treatment with 
sodium and alcohol leads to replacement of the 
metlioxyl group by hydrogen (Pyman and 
Kemfry, ibid. 1012, 101, 1595), giving hydro- 
hydrastininey which may bo oxidised to the 
medicinally employed hydrasiinine. 

(e) Bases of Unknown Constitution. 

Lanthopine, C03H25O4N.—Discovered by 
Hesse (Annalen, 1870, 153, 47). It is almost 
insoluble in alcohol or etlier, fairly soluble in 
chloroform. Lanthopine is a very weak base 
whicih appears to contain a phenolic group, for I 
it dissolves in alkali. It gives no ferric chloride | 
reaction, however. M.p. ca. 200" (Machiguchi, | 
J. Pharm. Soc. Japan, 1920, 529, 185, reports a | 
m.p. of 141-145°). 

Meconidine, C21H23O4N .—Also isolated by 
Hesse (l.c.). It was found in the ether extract 
of the mother-litiuor obtained by precipitating 
an acpieous infusion of opium with soda. The 
alkaloid, of doubtful purity, formed a dark- 
yellow amorphous mass of m.p. 58". It was 
very soluble in organic solvents and in alkalis. 
Machiguchi (l.c.) has also reported its existence. 

Papaveramine, CgiMgsOgN.—This very 
weak base was isolated by Hesse (J. pr. Chem. 
1903, [ii], 68, 204). It was separated from crude 
papaverine by precipitating the latter as thio¬ 
cyanate from a solution of the mixed oxalates, 
and then adding sodium hydroxide to the filtrate, 
■papaveramine crystallises from alcohol or ether 
in colourless prisms melting at 128-129° and 
gives an intense blue-violet solution with sul¬ 
phuric acid. 


Neutkal and Acidic Substances in Opium. 

Meconine, C10H10O4, was discovered by 
Uublanc (Ann. Chim. Phys. 1832, [ii], 49, 5; 
cf. Couerbe, ihid'.y p. 44; Anderson, Annalen, 
1856, 98, 44). It is also produced, together with 
hydro CO tarn in 0 , by the reduction of narcotino 
(Beckett and Wright, J.C.S. 1875, 28, 573). 
Meconine crystallises from water in prisms 
melting at 102°, and dissolves sloAvly in alkalis to 
form salts of meconinic acid, of which it is the 
lactone; its constitution is represented by the 
formula 


C6H2(OMe)2CH2COO 


(Wright, iUd. 1876, 29, 170; Hessert, Ber 
1878, 11, 237). Meconine has been synthesised 
by Fritsch (Annalen, 1898, 301, 352), and more 
advantageously by Edwards, Perkin, and Stoyle 
(J.C.S.. 1925, 127, 195). , . , m ^ 

Meconoisin, CgHioOg, was isolated by T. and 
H. Smith in the mother-liquors from the prepara¬ 
tion of meconine. It is crystalline and has m.p. 
88° (Pharm. J. 1877, [iii], 8, 981). 

Meconic Acid, C7H407,3H20.—This is the 
characteristic acid of opium and is 
therein i 4 amounts varying from 3 to 6% (Hei- 
duschka. Arch. Pharm. 1917,255,493). It is pre¬ 
pared from opium by adding lead acetate to 
aqueous solution of the drug, suspending the 


precipitate in water, and decomposing it by a 
stream of hydrogen sulphide. The filtered solu¬ 
tion, after concentration and acidification with 
hydrochloric acid, deposits the acid. 

Meconic acid crystallises in micaceous plates 
soluble in 4 parts of boiling water. It is regarded 
as a pyrono derivative of formula (1). On heat¬ 
ing to 120-200° carbon dioxide is lost, giving 
comenic acid (II), while on further heating or 
dry distillation p^jromeconic acid (III) is pro¬ 
duced (Robiquet, Ann. Chim. Phys. 1832, [ii], 
51, 246; 1833, 53, 428). It is possible to re- 
pla(!e the heterocyclic oxygen in these com¬ 
pounds with imino by the action of concentrated 
ammonia (How, Annalen, 1852, 83, 353). The 
ring structure of meconic acid is disrupted by 
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catalytic reduction giving a tetrahydroxypimelic 
acid,COOH[CHOH]3CH2CH(OH)COOH, 
while comenic and pyroineconic acids reduce 
normally to pentamethylene oxide derivatives 
(Borsche, Ber. 1916, 49, 2638). 

Meconic acid, though strictly speaking dibasic, 
is capable of forming yellow salts of a tribasic 
character. It titrates as a dibasic acid towards 
Methyl Orange, but as a tribasic acid towards 
Poirriors Blue. With ferric chloride it gives a 
deep red colour, not destroyed by cold dilute 
hydrochloric acid or by mercuric chloride. This 
property has been useful on occasion in deciding 
whether poisoning was due to opium or a mor¬ 
phine salt. 

“Thebolactic Acid ”, of T. and H. Smith 
(Pharm. J. 1866, [ii], 7,60), has been shown to 
be identical with ordinary h^tic ctcid. 

Other acids have been reported in traces, sucli 
as acetic acid. Schmid and Karrer (Helv, Chim. 
Acta, 1945,22,1187) are engaged in the examina- 
tion of the minor water-soluble constituents of 
PapaveT soinniferunif and traces of many in¬ 
teresting compounds have been isolated. As 
the source is poppy waste rather than opium 
these will not he enumerated. 


Literature. 

FuUer information on the opium alkaloids may be 
fnnnd in T A. Henry's “ Plant Alkaloids," 8rd ed., 
Khm. 1939 and ateo in L. F. Small's " Chemistrv of 
the Opium Alkaloids," U.8. treasury Dept., Public 
Health Service, which, however, was published in 1932. 
J R. Nicholls’ Streatfield Memorial Lecture, 1938, 
R I.O. Publication, is also of interest. 

H. E. W. and R. G. J. 
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OPTICAL ACTIVITY. Introduction. 

—Certain substances possess the property of 
rotating the plane of polarisation when placed 
in the path of a beam of plane-polarised light. 
Apai-t from its intrinsic physical interest, this 
property, called “ optical activity ” or “ optical 
rotatory power,” is of particular significance to 
structural chemistry, since it furnishes informa¬ 
tion concerning the symmetry of crystals and 
molecules. The absence of reflection symmetry 
in a crystal or in the molecules of a liquid or 
solution is a necessary condition for optical 
activity. 

Optical activity was discovered by Biot (Mem. 
Inst. 1812, 1, 1), who described and interpreted 
the phenomenon of rotatory polarisation in 
quartz. In 1815, he reported the discovery of 
optical activity in liquids and solutions (Bull. 
8oc. Philomat. 1816, 190). Fresnel {ibid. 1824, 
147), gave a phenomenological theory of 
rotatory polarisation. He showed that a beam 
of plane-polarised light could be regarded as 
composed of two beams of left and right cir¬ 
cularly polarised light of equal amplitude. In 
transit through a medium possessing different 
refractive indices for right and loft circularly 
polarised light, a phase difference between the 
two circular components of a plane-polarised 
beam is produced which is equivalent to a rota¬ 
tion of its plane of polarisation. 

Pasteur’s resolution of sodium ammonium 
racemate into its optical isomers (c/. Alembic 
Club Reprints, 14, 17, 19), and his ideas con¬ 
cerning molecular dissymmetry {ibid.y p. 2fi). 
suggested by observation of the hcmihedral 
character of opticall^^ active crystals, led 
naturally to the formulation of the principles of 
stereochemistry by Le Bel (Bull. Soc. chim. 
1874, [ii], 22, 337) and J. H. van’t Hoff (“ La 
Chiraie dans L’Espace,” 1875). In modern 
stereochemistry, built upon these foundations, 
the phenomenon of optical activity continues to 
play an important role. 

Polarised Light. —According to the theory 
of Maxwell, a beam of parallel light traversing 
an isotropic transparent medium consists of a 
plane electromagnetic wave, in which the electric 
and magnetic field vectors E and H are of equal 
magnitude, perpendicular to each other and to 
the direction of propagation (transversality). 
By the principle of superposition the field 
vectors may be resolved into their Fourier com¬ 
ponents, each of which is monochromatic of 
specified frequency v. The field vector E of a 
plane electromagnetic wave, advancing in the 
direction of the z-axis, may be resolved into its 
components along two orthogonal axes, x and y, 
in a plane perpendicular to the s-axis in the 
following maimer {see, e.g., M. Born, “ Optik,” 
Berlin, 1933): 

r^t'^nzjc a}~2‘Trv 
vcjn—X 

where t is the time, n the refractive index of the 
medium, A the wave-length of the light beam, 
and c the velocity of light in vacuum. The 
amplitudes Ax and Ajf and the phase conBtants 
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Sx and 8y are real constants. According to con¬ 
vention, the real parts of the complex ex¬ 
ponentials (eiM= cos ?/+i sin It; re¬ 

present the physically significant parts of Ex and 
Ey. The respective components of the magnetic 
field vector, II, are equal in magnitude and 
perpendicular to those of A’. 

The state of polarisation of the light is deter¬ 
mined by the phase difference When 

the phase difference of the x and y components 
is arbitrary, but constant, the light is said to bo 
ellipticaUy polarised. Wlien viewed at a fixed 
point in the path of the light, the terminus of 
the rotating electric vector would be observed 
to describe an ellipse. When viewed in space at 
a given instant of time, the termini of the electric 
vectors would be observed to lie on an elliptic^ 
spiral with its axis parallel to the direction of 
propagation. When the phase difference Bx—^y 
is equal to Hr’T/2, and Ax~Ay the light is 
circularly polarised. The termini of the electric 
vectors describe circles at a fixed point in space 
and form a circular spiral at a fixed instant of 
time. There are two types of circular polarisa¬ 
tion. By convention, right circular polarisation 
corresponds to clockwise rotation (and left 
circular polarisation to counter-clockwise rota¬ 
tion) of the electric vector when viewed counter 
to the direction of propagation of the light. 
However, in the literatun^ of optics, it was 
formerly conventional to define right and left 
circular polarisation in the opposite sense. 
When the phase difference Bx—By is equal to 
-}:7r, the light is linearly or plane-polarised. 
The electric vector does not rotate, but remains 
in a fixed piano containing the direction of 
propagation. This plane may be called the 
})lane of polarisation, although the older con¬ 
vention designates the plane of the magnetic 
vector and the direction of propagation as the 
plane of polaiisation. By the superposition 
principle, arising from the linearity of Maxwell’s 
equations, a plane-polarised beam of light may 
bo regarded as composed of two beams of right 
and left circularly polarised light of equal 
amplitude. 

In unpolarised light, the phases Bx and By are 
micorrelated, and the squares of the amplitudes 
Ax^ and Ay^ are equal. Unpolarised light is to 
be regarded as the result of superposing signals 
from a largo number of sources (excited atoms 
and molecules) of random phase. It may be 
formally described as consisting of two beams of 
light, of equal amplitude and uncorrelated 
phase, polarised in perpendicular planes. 

The principal methods for producing polarised 
light utilise double refraction by anisotropic 
crystals and reflection from the surfaces of 
liquids and solids. 

When a beam of unpolarised light is reflected 
from a surface, e.g., that of a glass plate, the 
reflected ray is plane-polarised when the angle 
of incidence is equal to the] Brewster angle, 
the tangent of which is equal to the ratio of 
the refractive indices of the two media, at the 
boundary between which reflection occurs. 

The most common polarising instrument 
utilising double refraction is the Nicol prism 
(Nicol, New Phil. J. Edinburgh, 1828, 6, 83; 
see, e.g,, T. M. Lowry, “ Optical Rotatory 
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Power,” Longmans, 1936). The natural end- 
faces of a crystal of calcite are ground until the 
angles in a principal section are reduced from 
71° to 68°. The crystal is then cut diagonally in 
a plane perpendicular to the principal section 
and perpendicular to the new end faces. The 
two pieces are then cemented together with a 
film of Canada balsam, which has a refractive 
index intermediate between those of calcite for 
the ordinary and extraordinary rays. A beam 
of unpolariscd light incident on an end face of 
the Nicol prism at an angle of incidence of less 
than 14-16° with the long side of the prism, is 
split into the ordinary and extraordinary ray by 
double refraction; the extraordinary ray is 
totally reflected at the Canada-balsam interface, 
and the ordinary ray is transmitted as a beam 
of plane-polarised light. 

The instrument used for the measurement of 
optical rotatory power is called a polarimeter. 
Schematically, a polarimeter consists of a 
polarising Nicol prism, through which parallel 
monochromatic light from a suitable source, such 
as a sodium-vapour lamp or a mercury arc, is 
passed. The polarised light is then passed 
through a small half-shadow Nicol, which creates 
a difference in intensity in the two halves of the 
])eam. The beam then passes through a speci¬ 
men of the substance under investigation, after 
which it reaches the analysing prism, wdiich is 
rotated until the two halves of the field are of 
equal intensity. The specific rotation [a] of an 
optically active substance is defined as the rota¬ 
tion in degrees produced per decimetre of light 
path per gram of substance per cubic centimetre. 
The molecular rotation of a substance is defined 
as the product of its specific rotation and its 
molecular weight. The specific rotation [a] 
depends in general upon the frequency of the 
light. The variation of [a] with frequency or 
wave-length is called rotatory dispersion. 

Circularly polarised light may bo produced by 
passing plane-polarised light through a Fresnel 
rhomb or a quarter-wave plate. Both instru¬ 
ments depend on resolving the electric vector 
of the plane-polarised ray into two perpendicular 
components of equal magnitude and producing 
a phase difference of it 12 between them. 

Optical Activity and Molecular Struc¬ 
ture. —^Molecules may bo classified according to 
their symmetry, described by the group of j 
operations (point group) of reflection, inversion, 
and rotation which transforms the molecule into 
itself by permuting the positions of identical 
atoms. In the geometrical representation of a 
point group, the elements are planes and centres 
of symmetry and axes of symmetry. A mole¬ 
cule lacking planes or a centre of symmetry is 
called dissymmetric. A dissymmetric molecule 
may still possess elements of rotation symmetry. 

Pasteur attributed optical activity in liquid 
and solutions to molecular dissymmetry, a 
hypothesis which is confirmed by tne molecular 
theories of optical activity of Born and others. 
In the case of optically active crystals, dis¬ 
symmetry is exhibited by the crystal structure 
and may or may not be present in the com¬ 
ponent molecules. Thus only hemihedral crystals 
show optical activity. The hemihedral cha¬ 
racter of crystals is not always evident from 


macroscopic crystallographic examination, but 
may require detection by other tests based, e.g.^ 
upon the pyroelectric or piezoelectric effects. 

The structural basis for molecular dissymmetry 
is to be found in the concept of directed valence. 
This was the brilliant suggestion of van’t Hoff, 
who advanced the hypothesis that the four 
valence bonds of the carbon atom were directed 
from the centre towards the vertic es of a regular 
tetrahedron. The stereochemistry of organic 
molecules rests firmly upon the concept of the 
tetrahedral carbon atom. 

The most common dissymmetrical structural 
element of organic molecules is the asymmetric 
carbon atom, to which are bonded four different 
organic radicals (1). A molecule containing one 
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asymmetric carbon atom possesses two isomeric 
structures, w hich are mirror images of each other. 
The two isomers are called optical isomers or 
enantiomorphs. Their ordinary physical and 
chemical properties are identical, but their 
optical rotations are opposite in sign. The 
enantiomorph with positive rotation is called 
dextro-rotatory, and the one with negative 
rotation lajvo-rotatory. When a potentially 
active compound is prepared from optically in¬ 
active materials, an optically inactive i)roduct 
called a racemate is always obtained. The 
racemate is an equimolar mixture of the two 
enantiomorphs. As a simple example of a com¬ 
pound containing one asymmetric carbon atom, 
lactic acid (v. Vol. VII, 16lc) may be mentioned. 

A compound containing two different asym¬ 
metric carbon atoms has four isomers, consisting 
of two pairs of optical isomers. The physical 
and chemical properties of the two pairs are 
different. A member of one pair is called a 
diastereoisomer of a member of the other pair. 
An example of such a compound is a-brom-)S- 
methyl valeric acid. When the two asymmetric 
carbon atoms are identical, only three isomers 
are obtained, a pair of optical isomers and a 
meso-compound which is inactive. Tartaric 
acid is an example of such a compound. A com¬ 
pound containing n different asymmetric carbon 
atoms has 2^*"^ diastereoisomeric pairs of optical 
isomers. 

Optical activity in organic compounds is not 
confined to those containing asymmetric carbon 
atoms. The substituted allenes 


A 


\ 


C=:C=:C; 


B 


A 


B 


although possessing a two-fold axis of symmetry, 
are dissymmetric, as was recognised by van’t 
Hoff. However, it is only in recent years that 
an optically active compound of this type has 
been successfully prepared (Maitland and Mills, 
Nature, 1936,185, 994; J.C.S. 1936, 987). The 
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epiranes, in which tho double bonds of an alleno 
are replaced by methylene rings, are also 
optically active, and have been successfully 
resolved (Janson and Pope, Chem. and Ind. 
1932, 61, 316). Owing to the non-coplanar 
character of their rings, certain isomers of the 
substituted cyc/oparaffins are optically active, 
e.g.f inositol, which is hexahydroxycydohexane 
{v. Vol. VI, 494a). 

Many optically inactive molecules can assume 
dissymmetric configurations by internal rotation 
around single bonds. Since each such con¬ 
figuration has an enantiomorphic configuration, 
the molecule is inactive when rotation about the 
single bonds is free, in the sense that potential 
barriers hindering rotation are low relative to the 
product of Boltzmann’s constant and the abso¬ 
lute temperature. When rotation is hindered, 
as in certain substituted diphenyls, resolution 
into optical isomers is possible. An example of 
such a compound is l:l'-dinitrodiphenyl-5:5'- 
dicarboxylic acid. 



{see Christie and Kenner, J.C.S. 1922, 121, 614). 
The rate of racemisation is higher the lower the 
potential barrier hindering rotation. 

Many inorganic molecules exhibit optical 
activity. Among them may bo mentioned co¬ 
ordination compounds, for which Werner sug¬ 
gested the octahedral model (v. Vol. Ill, 3306). 
Co-ordination compounds with a planar distri¬ 
bution of valencies do not exhibit optical 
activity, since they cannot have molecular 
dissymmetry. 

Although, optically active compounds can 
be isolated from living organisms, the synthesis 
of a dissymmetric compound from inactive 
materials always leads to the dl- or racemic mix¬ 
ture, Among the methods of resolution of a 
racemic mixture are mechanical separation of tho 
crystals, conversion to diastereoisomers by 
reaction with an optically active compound with 
subsequent fractionation and decomposition, 
and selective adsorption on optically active 
crystals such as quartz. The second method is 
the one most commonly used. In the resolution 
of a racemic acid dl-A, its salt with an optically 
active base, e.g., Lbrucine, is first prepared, 

dlA+ 2Z- B-d-A,L B-{- Z-A,L B. 

The two salts, being diastereoisomers, have 
different physical properties, and with a suitable 
choice of the base B, may be separated by 
fractional crystallisation. After the fractiona¬ 
tion, d-A and I-A are split off by treating the 
salts with a mineral acid or al^li. Racemic 
alcohols are first converted to their acid phtha- 
late or succinate esters, and the acid esters 
resolved in the manner described above. 

Asymmetric syntheses involving photo¬ 
chemical reactions under the influence of 
circularly polarised light have been successfully 
attempted (Kuhn and Knopf, Naturwiss. 1929, 
17, 227). (For a comprehensive treatment of 
the material summarised in this section, see 


H. Gilman, “ Organic Chemistry,” 2nd ed.. New 
York, 1943, Vol. I, p. 214). 

Molecular Theories of Optical Activity. 
—^The propagation of. light in an isotropic 
optically inactive transparent substance is 
determined by Maxwell’s equations and one 
parameter w, tho refractive index of tho sub¬ 
stance. According to Fresnel, two refractive 
indices nr and ni for right- and left-circular 
polarisation are required in the case of optically 
active substances. The rotation 0 of the plane 
of polarisation is 

^=-(7r/Ao)(«r-n/) 

whore Aq is the wave-length of tho light in 
vacuum. Extraordinarily small differences, 
rir—ni, of the order of 10”®, suffice to account for 
relatively large specific rotations [a]. It is tho 
object of molecular theories of optical activity 
to relate the refractive index difference ?i/ to 
tho structure of the molecules of optically active 
substances. 

When viewed from the molecular standpoint, 
the propagation of light in a material medium 
may be described in the following terms. An 
oscillating electric dipole moment and a corn;- 
sponding magnetic moment are induced in each 
molecule by the electric and magnetic fields of 
the light. The molecule then becomes an emitt cT 
of radiation, a part of which is coherent (related 
in phase) with the primary light. The light 
wave propagated in the material is the result of 
superposing upon the primary wave the 
secondary waves from all the molecular sources. 
The explanation of optical activity is therefore 
to be sought jti an investigation of tho depend¬ 
ence of the induced electric and magnetic 
moments of a dissymmetric molecule on the 
field vectors of tho light wave. If the phase 
zjX of the light {see p. 1166) is assumed constant 
over the region occupied by a molecule, no 
optical activity is found. Only when retarda¬ 
tion or the finite time of travel of tho light from 
point to point in the molecule is considered does 
optical activity appear, and, in fact, the contri¬ 
bution of an individual dissymmetric molecule 
to the rotatory power of a liquid or solution is 
found to be proportional to the square of the 
ratio of a length of molecular dimensions to the 
wave-length of the light. Thus optical activity 
arises as a small correction to ordinary dispersion 
theory, and it is not surprising that the differ¬ 
ences between the refractive indices for right- 
aud left-circularly polarised light are usually 
very small. 

A molecular theory of optical activity was first 
formulated by M. Born (Physikal. Z. 1915, 16, 
261; “ Optik,” Berlin, 1933, p. 405) and Oseen 
(Ann. Physik, 1916, [iv], 48, 1), on the basis of 
the classical oscillator theory of dispersion. 
The theory was extensively applied by Kuhn 
(see W. Kuhn and K. Freudenberg, “ Drehung 
der Polarizationsebene des Lichtes,” Leipzig, 
1932) using a simplified model consisting of two 
anisotropic coupled oscillators. With the advent 
of quantum mechanics the theory was reformu¬ 
lated by Rosenfeld {see M. Bom and P. Jordan, 
“ Elementare Quantenmechanik,” 3erlin, 1930, 
p, 260). Paralleling the Bom theory, polarisa- 
bility theories of optical activity, starting 
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directly from the forced vibrations produced in 
a molecule by the radiation field, were proposed 
by Gray (Physical Rev. 1916, [ii], 7, 472); de 
Mallemann (Rev. G6n. Sci. 1927, 463); and 

Roys (Proc. Roy. Soc. 1934, A, 144, 665, 676). 
Kirkwood (J. Chem. Physics, 1937, 5, 479) 
established the relationship between the polarisa- 
bility theories and the quantum-mechanical 
theory, by approximating the phase of the light 
in each of the substituent groups of an optically 
active molecule by the phase at its own elec¬ 
tronic centre of gravity. He found, however, 
that the dominant contribution to the rotatory 
power, arising from the interaction of optically 
anisotropic substituents, had been previously 
overlooked. Contributions arising from the 
change in phase of the light in the interior of 
substituent groiips were treated in the one- 
electron theory of Condon, Altar, and Eyring 
{ibid. 1937, 5, 753 ; see also Kauzmann, Walter, 
and Eyring, Chem. Rev. 1940, 26, 339). In this 
theory, a chroraophorio electron is found to 
contribute to the rotatory power as the result of 
<li8symmotric perturbations from neighbouring 
groups in the molecule. 

In the molecular theory, the specific rotation 
[a] for light of wave-length Aq is related to a 
molecular rotatory parameter g of the substance 
by the formula 

[a]=(2-88 .< KP)(7rWj//31/Ao-)(?t-+2) 

\\'here M is the molecular weight and n the mean 
refractive index of the solution or liquid in which 
the measurement is carried out, and N is 
Avogadro’s number. The rotatory parameter g 
is related to the molecular spectrum in the 
following manner. 

g=Z9nol{'’no-v^) 

where the vno are the absorption frequencies of 
the ground electronic state of the molecule, and 
V is the frequency of the incident light, the sum 
extending over all excited states. In the 
neighbourhood of an absorption band con¬ 
tributing to optical activity, anomalous rotatory 
dispersion and circular dichroism (selective 
absorption of right- and left-circularly polarised 
light) are observed. The quantities gno 
proportional to the difference of the absorption 
coefficients for right- and left-circularly polarised 
light. According to the quantum mechanical 
theory, Snhgnolc is equal to the imaginary part 
of the scalar product of the matrix elements of 
the electric and magnetic moments of the mole¬ 
cule associated with the electronic transition 
corresponding to the absorption frequency vn©. j 

Although calculations based on the molecular 
theory of optical activity yield rotations of the 
right order of magnitude for simple molecules, 
the molecular rotatory parameter is very sensi¬ 
tive to the distribution of the molecules among 
the configurations allowed to them by internal 
rotation around single bonds. Further appli¬ 
cations of the theory and its use in determining 
absolute configurations therefore require more 
precise structural information than is at present 
available.. 

J. G. K. 
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ORANGE. The fruit of Citrus sinensis or 
C. aurantium var. sinensis (the sweet orange).’ 
The bitter variety is usually classified as C. 
aurantium. The orange, originally of southern 
Asiatic origin, has long been grown in Mediter¬ 
ranean countries, from which its culture spread 
to many tropical and subtropical areas of 
America and Africa. The bitter varieties are 
largely utilised in making marmalade, as also are 
certain seedless types, notably the “navel” 
orange. In late years preserved orange juice as 
a source of vitamin-C and as a “ soft ” drink has 
become an increasingly popular commercial' 
commodity. The separated peel may be 
“ candied ” and used in confectionery or utilised 
for the manufacture of orange oil. 

For transport or storage the full-grown fruit 
is picked in the green stage and its coloration 
accelerated, if required, by exposure to ethylene. 
Suitable conditions for treatment arc described 
by, among others, R. G. Salcedo (Ciencia, 1942, 
8, 165) as 0-2% ethylene, at 18-20"’, in an atmo¬ 
sphere of 75% humidity. 

Of the total weight of the fruit the peel con¬ 
stitutes 15-40%, the pulp 20-40%, the seed 
1-3% according to variety, and approximately 
one-third of the whole weight is juice. 

According to Serger (Chem.-Ztg. 1917, 41, 
617) the percentage composition of the parts of 
the orange is as follows : 
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Among numerous published percentage 
analyses of orange juice the following are 
typical: 
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The principal acids of the juice are citric and 
malic. These exist partly in free and partly in 
combined forms, the proportions of which change 
somewhat during the maturation of the fruit 
and are related to the concomitant changes in 
the pH of the juice. According to W. B. Sin¬ 
clair eJt al. (Bot. Gaz. 1944, 106, 140), the total 
amount of free acid in developing oranges roaches 
maximum fairly early in the season and subse¬ 
quently remains substantially constant. The 
concentration of free acid, however, diminishes 
with advancing growth, the increase in pH of 
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the juice being related to the diminution in con¬ 
centration of citric rather than of malic acid. 
In a later paj)er (Plant Physiol. 1945» 20 , 3) 
Sinclair notes that the amount of combined acid 
in the fruit remains practically uniform and 
establishes that the ratio: total free/total free 
-f combined acid is inversely related to the 
pH. It is usually stated that at maturity the 
pH of the juice should be 3-65. 

Both invert sugar and sucrose occur in orange 
juice, the proportions of both increasing during 
the ripening of the fruit (r/. Scurti and do Plato, 
Staz. spec, agric. ital. 1908, 41, 433). 

A small amount of inositol (0 0047%) in orange 
juice is recorded by Nelson and Keenan 
(Science, 1933, 77, 561). 

Odoriferous constituents of orange juice 
examined by Hall and Wilson (J. Arner. Chem. 
Soc. 1925, 47, 2575) include ethanol, acetone, 
acetaldehyde, formic acid, an olefinic alcohol 
(CjoHigO), i^oamyl, and phenylothyl alcohols, 
esters of formic, acetic, and caprylic acid, 
goraniol, and terpineol. 

Orange seeds contain 10-15% (dry matter) 
protein from which Saunders {ibid. 1931, 53, 
696) isolated a crystalline globulin (Nrr^l6*8- 
17*1%) and also up to 40% of a fatty od. 
Published characteristics of orange-seed oil 
include : 0-920-0-926, 1-4643-1-4702, sap. 

value 192-7-2290, iodine value 87-5-105-3, 
Reichert-Meissl value 0-71, Polenske value 0 40, 
Hehner no. 95'0-95*0. 

The fat occurring in small amounts in the 
pulp of the fruit is shown by M. B. Matlock (J. 
Org. Chem. 1940, 6, 504) to contain oleic, 
linoleic, linolenic, palmitic, and stearic acids 
together with a (? oerotic) acid. Part of the 
fatty acids are combined with sterols, notably 
phytosterol and sitosterol. The proportion of 
glyceryl esters is relatively low. Patty matter 
of similar composition occurs in the peel al¬ 
though this is characterised by the presence of 
ceryl alcohol (not in pulp fat) and by absence of 
pentacosane (present in pulp fat). 

The volatile oil of orange peel {v. Vol. VIII, 
659d) is recorded by Hood (J. Ind. Eng. Chem. 
1916, 8, 709) to constitute 0-15-0-53% of the 
total weight of Florida fruit and by Wilson and 
Young {ibid. 1917, 9 , 959) as 0-70-l-29% in 
Valencia varieties. 

The peel also contains the glucoside hesperidin 
(2 mol. units of hesperitin combined with 2 mols. 
of glucose and 1 mol. of rhamnose). 

The white inner layer (albedo) of the peel 
yields approximately 10% of pectin (Ehrlich and 
Kosmahly, Biochem. Z. 1929, 212 , 162). Norris 
(Biochem. J. 1926, 20 , 993) describes the pectic 
matter occurring in orange juice as a trimethy- 
lated derivative of pectic acid. 

The pigments in orange peel include chloro¬ 
phyll, carotene, and several xanthine derivatives. 
E. V. Miller et al. (J. Agric. Res. 1940, 60 , 269) 
establish that, during ripening, carotenoid pig¬ 
ments increase in proportion and that of chloro¬ 
phyll diminishes. In mature but still green fruit 
xanthophyll predominates, but in ripe fruit the 
cryptoxanthin-carotene group of pigments are 
present in relatively greater amounts. It is also 
noted that in artificial ripening with ethylene, 
the treatment stimidates the decomposition of 


chlorophyll without affecting the carotenoids. 
In another publication Miller et al. (U.S. I)cpt. 
Agric. Tech. Bull. 1941, No. 780) record an 
examination of the carotenoids in orange juice. 

A gum, occasionally reported in orange peel, 
is associated by A. R. C. Haas (Plant Physiol. 
1945, 20 , 323) with a defi(;iency of boron in the 
tree. 

A large part of the dietary value of oranges 
depends on their richness in vitamin-6\ Richard¬ 
son et al. (Food Res. 1937, 2, 81) gives the 
average ascorbic acid content per fruit as 20- 
.30 mg. C. 1). Atkins et at. (Fruit Prod. J. 1945, 
24, 26) gives the value 106 mg. j)er 100 g. of 
fruit; 75% of this is present in the peel and 
“ rag ” and 25% in the juice, ("anned orange 
juice retains 95% and upwards of its vitamin-6* 
and even when cans are stored at 2P the further 
loss corresponds to only about 1% per month 
(F. C. Lamb, Ind. Eng. Chem. 1946, 38, 860). 
A dried, powdered, orajige peel containing 240- 
366 mg. of ascorbic acid per 100 g. is described 
by H. M. Raueii et al. (Z. Unters. Lebensm. 1943, 
85, 257). In the preparation of marmalade from 
bitter oranges it is said to be possible to ensure 
the retention of 65% of the vitamin, although 
(‘ommercial products frecpiently contain only 
one-third or less of this amount. 

Oranges contain an average of 0'59j\ of ash 
constituents of which the following data are 
typical: KgO 48-50, Na20 3-4, CaO 22-24, 
MgO 4*5-5-5, FegOg 0*6 O O, MrjgO.^, 0-4-0-6, 
P2O5 8-6-13 0, SO3 44-51, SiOg 0-8-M, Cl 
0*9-1-1%. Among “ trace " elements examined 
are Al 0*88, Cu 0*8, Zn 1*7, As 0*1, B 5 0 mg. 
per kg. of fresh fruit. 

A. a. Vo. 

ORANGE FLOWERS, OIL OF 
Nerolt (Vol. VllI, 461c). 

ORANGE LEAVES, OIL OF r. Nkroli 
(Vol. Vlll, 461c). 

ORANGE, PALATINE, is the ammonium 
salt of tetranitro-4:4'-dihydroxydiphenyl, wdiich 
is obtained by the action of fuming nitric acid 
on 4:4'-diphenol or on benzidine. Palatine 
orange was in use as a dyestuff, giving orange 
shades on silk or wool, but is no longer manu¬ 
factured. 

J. N. G. 

ORANGE, SALICYLIC, a dyestuff now 
obsolete, prepared by successive nitration and 
bromination of salicylsulphonic acid, 

C 6 H 3 ( 0 H)(S 03 H)C 00 H. 

It dyes orange shades on silk and wool. 

J. N. G. 

ORA N GITE , An orange-coloured variety 
of the mineral thorite {q.v.)y occurring as tetra¬ 
gonal crystals and irregular masses, occasionally 
a few ounces in weight, in the augite-syenite of 
southern Norway. It was described and named 
by C. Bergemann in 1861, and believed by him 
to contain a new element “ donarium.” The 
identity of the mineral with thorite has long 
been recognised. 

L. J. S. 

ORBITALS, ELECTRON ICv. Valency. 
ORCEIN V . Phenol and Homoloodes 
(this Vol., p. 466d). 
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ORCHIL V . Lichen Substances (Vol. VII, 
p. 2S4d). 

ORCIN V . PHENO£ AND HOMOLOQUES (this 
Vol., p. 466c?). 

ORCINOL V , Phenol and Homologues 
(this Vol., p. 466c?). 

ORDEAL BEAN v. Calabar Bean (Vol. 
II, 198c?). 

ORDER-DISORDER TRANSFORMA¬ 
TIONS IN ALLOYS. Broadly speaking, 
the distinction between organic and inorganic 
chemistry arises from the ability of carbon 
atoms to unite together to form definite mole¬ 
cules. Such a molecule as that of benzene, 
CgH^, can be observed by means of X-rays as 
a real entity existing as either solid, liquid, or 
gas, and preserving its distinctive nature 
throughout the changes of state. The crystal 
symmetry is dictated by the molecmle itself. 
In the realm of inorganic chemistry the term 
molecule becomes a theoretical conception and 
no longer corresponds to a real physical entity. 
On the borderline, carbon dioxide has a molecule, 
COg, though, in the solid, X-ray evidence shows 
that the substance consists not of Isolated raole- 
fujles, but of a continuous structure in whicrh the 
linkage between carbon and oxygen is only a 
degree more important than the cohesion be¬ 
tween oxygen and oxygen which is responsible 
for holding the whole structure together. 

For the chemistry of the non-metals, the 
conception of the molecule is thus perfectly valid 
for the liquid and gaseous states, and partly 
valid for the solid state. For the chemistry of 
the metals the whole conception of molecules 
must be abandoned, since hero an atom is linked 
not to one neighbour, as the formula NaCl 
formerly suggested, but to the whole of its 
nearest neighbours. Thus in sodium chloride 
each sodium and each chlorine atom has six 
nearest neighbours of the opposite kind. In 
caesium chloride each atom has eight nearest 
neighbours of the opposite kind. The law of 
constant proportions is still valid, but for a 
different reason. In the non-metallic com¬ 
pounds its validity depended on the real presence 
of the molecule. In the metallic compound it 
depends only on the presence of ions with unitary 
charges. Thus calcium fluoride is a compound 
of definite composition because every calcium 
atoms bears two positive charges, and every 
fluorine atom bears one negative charge. For 
this reason every calcium atom is surrounded by 
eight fluorine atoms, but a fluorine atom is only 
surrounded by four calcium atoms. This ratio 
8:4 is a mathematical necessity, and the law of 
constant proportions results. 

A new kind of chemistry must be studied when 
the fields of metallurgy are explored. Here 
evidence for the existence of molecules is rarely, 
if ever, found. Why then should it bo expected 
that the law of constant proportions is obeyed 
unless there are either definite bonds, as in the 
carbon compounds, or imitary ionic charges to 
compel its observance ? The answer lies in the 
requirements of space. Each atom occupies so 
much space, a big atom taking up more room 
than a smaller atom. The atom of ceesium is 
very big, whereas that of carbon is very small. 
In between we have a wide range of sizes. The 


problem of metallurgy is to find out what 
happens when atoms of different sizes are mixed. 

If two metals, of which the atoms are of 
different sizes, are mixed, there are only two 
possibilities ; either the large and small atoms 
are distributed in a purely random fashion, in 
which case the atomic planes will be warped and 
twisted, or alternatively there may be a regular 
alternation of atoms of different sizes, big and 
little, so that the atomic planes will bo preserved 
in their pristine regularity. In the former case 
a solid solution is found, in the latter a super¬ 
lattice. The ideal superlattice would correspond 
to a definite composition and would obey the 
laws of definite and multiple proportions. It 
may, therefore, bo regarded as a compound, but 
normally speaking this is not justified, for 
reasons which will be discussed at a later stage. 

Types of Superlattice in Face-centred 
and Body-centred Cubic Lattices. —Figs. 
1 (a), (6), and (c) show the types of supcrlattico 
which o(;cur in face-centred and body-centred 
cubic alloys. The face-centred cubic alloys can 
form only one kind of supcrlattice; examples 
are CugAu (formed when copper-gold solid 
solutions are slowly cooled, provided the com- 
pc)sition docs not depart too much from the 
theoretical value), Ni 3 Fe,and NigMn (Fig. 1 (a)). 



O-Cu 


Body-centred cubic alloys form two kinds of 
superlattice. In the simpler kind the propor¬ 
tions of the two constituents are rougfily equal, 
as in Fig. I (6). In the other they are nearer 





0 =/#/ 


three to one, as in Fig. 1 (c). This has been moat 
fully worked out for the FeAl system,^ and the 
results ftre shown in Fig. 2^ in which two kinds 
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of heat-treatment have been considered, the 
alloys having been either slowly cooled or 
quenched from above 600°. 

The slowly-cooled alloys alone form structures 
of the Fe 3 AI type; quenched alloys form the 
FeAl type of structure. It is interesting to 
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Fig. 1 (c). 


notice what happens when the composition 
deviates widely from the theoretical values. Jf 
there are exactly equal numbers of iron and 
aluminium atoms, the former occupy cube 
(romers, the latter cube centres. With less than 
00% of aluminium the atoms at cube corners 
are still iron atoms, but the atoms at cube 


centres now become partly iron and partly 
aluminium, the distribution being perfectly at 
random between b and d positions. When the 
structure changes over from the FeAl to the 
FegAI typo by annealing, no change occurs at 
the cube corners, which remain pure iron, but 
at cube centres the b and d atoms also take up a 
regular arrangement, iron alternating with 
aluminium in the manner shown in Fig. 1 (c). 
With more than 26% of aluminium the excess 
passes over into the neighbouring cube centres. 
With less than 26% of aluminium the super¬ 
lattice formation is gradually broken up and the 
structure soon becomes random. 

Remarkable types of superlattico are found in 
the NIAI systeni,^ the lattice spacing curves (a) 
for which are shown in Fig. 8. The maximum 
lattice spacing corresponds to the exact com¬ 
position NiAI. If there is less than 60% of 
aluminium in this body-centred cubic structure 
the aluminium atoms at cube centres are 
partially replaced by nickel atoms, and because 
those are smaller the lattice dimensions shrink. 
On the other hand the lattice will not accept 
additional aluminium atoms, so that if there are 
fewer than 60% of nickel atoms present in the 
alloy, their places are not occupied by aluminium 
atoms, but gaps are left in the lattice. This 
causes the lattice dimensions to fall rapidly as 
the structure departs from the ideal composition. 
The density curve (b) also shows a decided drop 
corresponding to the ejection of atoms from the 
unit cell. 

In the ternary system FeNiAl,*'* Fig. 4, the 
lattice spacing attains a maximum along the lino 
FeAI-NiAl, iron and nickel atoms replacing 
one another in a perfectly random fashion with 
aluminium always occupying the special posi¬ 
tions at cube centres. Excess of either iron or 



nickel replaces aluminium, but a deficit of either 
element leaves vacancies in the lattice.^ 

So far only the formation of superlattices 
which involve no change of symmetry has been 
considered. This is the true phenomenon of 
ordering, and mr^ clearly be distinguished from 
the formation of a separate phase sfec? there is 


apparently no sharp gap between a completely 
disordered structure with no superlattice, and 
one in which a superlattice is just beginning to 
form. Attention must now be turned to another 
type of structure which is hot strictly speaking a 
superlattioe« Jt will be referred to as a super¬ 
structure, 
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Fi(3. 3. 



Fig. 4. 


The compounds CuAu,® CuPd, CuPt,* 
though obtained from the face-centred cubic 
lattices by slow cooling, produce an ordered 
structure by definite change of phase. The 
first becomes tetragonal (Fig. 6 (a)), the second 
becomes body-centred cubic like FeAl, while 
the third becomes trigonal (Fig. 6). Under these 


‘conditions it is possible to form^ ordered struc¬ 
tures with 50% of each of the ingredients, which 
would be impossible if the structures were to 
remain face-centred cubic. An interesting 
example of a similar character is to be found in 
the chromium-aluminium system^ in which 
body-centred cubic alloys form a superstructure 
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near the composition CrgAI in which symmetry 
is no longer cubic but tetragonal (Fig. 5 (6)). 
This structure is formed by stacking three cubes 
vertically one above another. Two planes of 
chromium alternate with one plane of aluminium 
atoms, though the atomic sites remain almost 
the same as in the body-centred cubic state.’ 

The superstructure CPgAI, if such it may be 
called, differs from a superlattioe because the 
symmetry is different. In consequence there is 





0=Cu 


a definite temperature at which the tetragonal 
structure finally breaks down and the random 
structure is produced. Below this temperature 
the tetragonal structure is stable over a range of 
compositions; the lower the temperature the 
greater the range of stability. On either side, 
beyond the range of homogeneous composition, 
there is a two-phase region in which the.structure 
is present in admixture with one of the neigh¬ 
bouring phases. An important point to note is 
that the composition corresponding to the precise 


formula CPjAI does not correspond to the point 
of maximum stability, neither does this com¬ 
position lie within the homogeneity range as far 
as this lias been determined. The structure is 
therefore a separate phase, but is neither a true 
compound nor a superlattice. It is for this 



m-Cr 

0-Al 


reason that it has been termed a superstructure. 
There arc, however, genuine superlattices which 
behave in much the same manner, e.^., NigAI 
has a range of stability which increases with 
falling temperature. It includes the theoretical 
composition and is separated from neighbouring 
phases by two-phase regions. 




Fig. 6. 


Other superlattices, e.g., CUgAu, do not 
appear to be separated by two-phase regions; 
they should, therefore, not be regarded as 
separate phases, and some metallurgists consider 
that they should not be included in the equili¬ 
brium diagram. In this type of structure there 
is a gradual change from the ordered state to the 
disordered state as the composition changes and 
as the temprature is raised. The various 
theories of order-disorder have been evolved to ■ 
explain this type of superlattice. The first 
satisfactory treatment was given by Bragg and 
Williams,*^' ® The essential feature of their 


theory is that all the atoms lie at specific points 
on a three-dimensional space-lattice. Each of 
these points is a site for atoms, the problem being 
which sites are to be occupied by what kind of 
atoms. The theory of probability is invoked to 
provide a solution, but certain ad hoc assump¬ 
tions have to be made which account for the fact 
that the theory does not give an exact quantita¬ 
tive agreement with the facts. 

By making entirely different assumptions 
based upon the relationship of atoms to their 
nearest neighbours Bethe has obtained some¬ 
what different numerical values for the physical 
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constants first determined by Bragg and 
Williams, but, as Peierls has shown, it is too 
difficult to make precise numerical calculations 
for the face-centred cubic lattices by this means. 
In spite of work by other investigators, the 
problem still awaits an exact treatment. It is, 
however, very interesting to compare the experi¬ 
mental facts, especially those obtained by 
Sykes and his collaborators with the theo- 
rectical calculations made by different methods. 

The physical symptom produced by the 
warped planes of a solid solution is a great in¬ 
crease in electrical resistivity. The formation 
of a superlattico, because it flattens out the 
atomic planes, leads to a tremendous decrease in 
the resistance offered to the passage of electricity 
through the crystal. It is as though the 
electrons were sliding through the channels 


between the atomic planes; where the channel 
is blocked the electron- is brought to a halt; 
where i/here is a clear passage the electron goes 
through without hindrance. 

The electrical resistivity curve for CU 3 AU has 
been plotted by Sykes and Evans (Fig. 7). 
The quenched alloy, which is in a disordered 
state, has a high resistivity at all temperatures. 
On annealing below the critical temperature the 
resistivity rapidly falls owing to the formation 
of the supcrlattice. The relation between the 
resistivity of the annealed and quenched alloys 
gives a measure of the degree of order. 

Another property which changes during the 
ordering process is the specific heat, which has 
been extensively studied by Sykes and Jones. 
Fig. 8 shows the variation of specific heat with 
temperature. The curve indicated by full circles 
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Fig. 7. 


is calculated from the specific heats of copper 
and gold, a pure mixture being assumed. The 
experimental curve indicated by the open circles 
shows the additional specific heat required to 
produce the disordering process, by its etxcess 
over the calculated curve. The latent heat of 
fusion is all concentrated at a definite tempera¬ 
ture, the melting-point of a metal, but here the 
energy change due to the order-disorder process 
is spread over a range of temperatures. First 
there is a range below a critical temperature, the 
excess specific heat starting from zero 150° 
below the critical temperature and reaching a 
maximum at that temperature, at which there 
is genuine latent heat. Above the critical 
temperature there is a sudden drop in the 
specific heat, but it does not fall quite to its 
normal valu 6 . There is a tailing-off of the sur¬ 
plus specific heat above the critical temperature. 


The degree of order gradually falls in the range 
below the critical temperature. Above the 
critical temperature what order is left is of a 
different kind. The distinction can be made 
clear in the following way: a series of lattice 
points along a given row may be arbitrarily 
designated as even and odd. If all the odd 
atoms are copper, and all the even are gold, the 
alloy is perfectly ordered. In a partly ordered 
alloy some of the copper atoms have got into 
the even positions, and some of the gold atoms 
into the odd positions. Now suppose that there 
is a purely- random distribution in which there 
are just as many copper atoms in odd as in even 
positions. Of course, the same will apply to 
the gold atoms. This is the case above the 
critical temperature, and the change which 
occurs between 225° and 319° is that the atoms 
more and more assume the disordered state, so 
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producing the observed heat evolution. Now 
consider what happens above the critical tem¬ 
perature. It is true that there are as many 
copper atoms in odd as in even positions, but the 
sequence of copper and gold atoms is all the time 
being changed. There are little groups of atoms 


in which copper and gold alternate, but every 
now and again the sequence is interrupted so 
that we get, e.g., Cu Au Cu Au Cu Cu Au Cu 
Au Cu Au Au Cu Au Cu Au. These short 
bursts of order known as local order are gradually 
dispelled as the temperature rises, which requires 
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the absorption of mor6 energy, and produces the 
additional specific heat. 

Now consider what happens on cooling an 
alloy through the critical temperature. Im¬ 
mediately this temperature is passed the short 
bursts of order instantaneously produced at the 
higher temperatures each act as nuclei for a 


completely ordered system. In such a series as 
Cu Au Cu Au (Au Cu) Cu Au Cu Au Cu Au 
the out-of-step atoms shown in parentheses get 
changed round to the normal state of their 
neighbours, and the ordered region extends. 
When the nuclei attain a certain size they 
become stable, but they do not all face the same 
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FlO 10 —POWDEB PhOTOOBAPHS OF CU 3 AU. 
€=Size of anti-pliase nuclei 

(From Jones And Sykes, Proc Boy, Boe., 1938, A, 166, Plate 15 ) 
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way round and, at the point of contact between 
the different schemes of order, a struggle takes 
place to decide which ..scheme shall triumph 
(Fig. 9). For this reason there is amorphous 
material in the grain boundaries between the 
portions with different schemes of order. 

The origin of the differences is that the face- 
centred cube is built up from four independent 
simple cubic lattices, any one of which may be 
regarded as forming the corners of the unit cell. 
The other three will, in that case, correspond to 
the centres of cube faces. It is, therefore, 
arbitrary which of the four lattices is to be 
occupied by gold, but once this has been decided 
the remaining three must be copper. The 
original nuclei from which the ordered structure 
is to bo built up constitute anti-phase nuclei, 


because there is no necessity for them to conform 
to the decisions of the other nuclei. Once those 
anti-phase nuclei are formed they are extra¬ 
ordinarily stable. 

The process of ordering below the critical 
temperature therefore consists of the formation 
and growth of the anti-phase nuclei.If the 
nuclei arc small they produce broadened lines 
on the X-ray photographs due to the super¬ 
lattice, though the main lines are sharp, because 
the lattice as a whole retains its original align¬ 
ment irrespective of whether the atoms are 
ordered or disordered (Fig. 10). In order to 
produce an increase in the size of the nuclei it is 
necessary to heat-treat the alloy just below the 
critical temperature. If the alloy is cooled 
before nuclei have grown, the degree of order 



belonging to each nucleus gradually rises, oven 
though the nuclear size will not increase at lower 
temperatures. 

The critical nuclear size is about 5x cm., 
below which the alloy may be considered to be 
disordered, since the electrical resistivity does 
not fall appreciably until the nuclei have grown 
in size. The resistivity is due both to disorder 
inside the nucleus and to the amorphous material 
at the boundaries. It will, therefore, fall either 
by an increase in the size of the nucleus or by an 
increase in the degree of order corresponding to 
each nucleus. On the other hand the energy of 
the ordering process begins to be released even 
before the superlattice lines can be observed on 
the X-ray photograph. 

As nuclei increase in size the lattice spacing 
falls. This evidence is very important as show¬ 


ing that the lattice spacing is not a constant 
depending on the type of structure and its com¬ 
position, but it depends on the exact way in 
which the atoms are fitted together in respect to 
one another. In this connection it is of interest 
to compare the behaviour of NigAI,* the lattice 
spacing of which varies as much as 1% according 
to the temperature from which the alloy is 
quenched, in spite of the fact that it is always 
ordered. Enough has been said to show the 
complicated nature of the order-disorder pro¬ 
cess for the face-centred cubic alloys. 

A simpler case for comparison of theory with 
experiment is that of jS-brass, the approximate 
formula for which is CuZn (Fig. 1 (a)). The 
specific heat-temperature curve for an alloy 
containing 48*9% of zinc is shown in Fig. 11 
(due to Moser ^*). It shows the same general 
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features as the case of CUgAu, but here there is The gradual change from ord(^r to disorder 
no complication due to the formation of anti- may be interpreted in this way: the more the 
phase nuclei. A more detailed curve due to alloy becomes disordered,, the more difficult it 
Sykes is shown alongside (Fig. 12). It must is for an atom to find the right position, since 
be stated at once that it is impossible to explain in a state of complete disorder it is impossible 
the details of these curves by any existing theory, to say which is a right and which is a wrong 
though their general features are satisfactorily position. 

explained by all. Fig. 13 shows two curves connecting the energy* 

As the best known example reference will bo relations with the degree of order at a given 
made to the Bragg-Willianis ® theory in more temperature 2\. V{S) gives the dependence of 

ordering energy on order, while N(X) allows 
for the Boltzmann factor. At equilibrium 
the degree of order is indicated by the 
point of intersection of the two curves. 
For different temperatures there is a family 
of F(/S») curves, so that the point of inter¬ 
section shifts with rising temperature. For 
the critical temperature Tc the V{ 8 ) curve 
is tangential to the S{X) curve at 
'I’he alloy is then completely disordered. 
As the temperature falls the point of inter¬ 
section with the S{X) curves moves to the 
right, and since ultimately the S{X) curve 
becomes asymptotic to aS—I, the alloy be¬ 
comes completely ordered. 

The Bragg-Williams equations may also 
be derived from the free-energy principle, 
which metliod has also been used by 
Fowler. These methods consider the lattice 
440 4 50 460 470 480 490 500 as a whole, w'hereas Bethe,^*^ and also 

Temperature in Degrees Centigiade I'eierls,” think of the atoms individually, but 

Fig. 12. confine their attention exclusively to nearest 



detail. The essential point is that there are a 
and p sites in the crystal. In a state of complete 
order all a sites are occupied by A atoms, and all 
jS sites by B atoms. It is enough to consider the 
A atoms, as the positions of the B atoms are 
thereby fixed. There is a certain probability^ 
that a given A atom will bo in a right or wrong 
position. This depends not only on the number 
of available positions, but also on the Boltzmann 
factor, e~ F/feT corresponding to the extra energy 



Fig. 13. 


V wh^ch is required to put an A atom in a wrong 
position. The tendency for an atom to get out 
of a right position into a wrong position, there¬ 
fore, depends on a chance factor which is not 
affected by temperature, and an energy factor 
which is. As soon as the energy factor becomes 
small enough the chance or entropy factor over¬ 
takes it and the alloy becomes disordered. This 
gives a qualitative explanation of the occurrence 
of a critical temperature. 


neighbours, whereas Chang has extended the 
investigation to the next nearest atoms. Kirk¬ 
wood has also used the free-energy method. 
Borelius 21 and Delilinger and Graf were the 
first to advance theories on the subjects of order- 
disorder changes, the gold-copper system having 
been very fully investigated by Johansson and 
Linde.^ The importance of the size factor w^as 
finst pointed out by Hiime-Rothory.-^ 

Recognition of suporlattices Ims led to much 
experimental work. Originally predicted by 
Tammann^* and observed by Bain for Cu^Au, 
by Bhragmon for FeaSi, and by Johansson 
and Linde for Cu Au, suporlattices have in more 
recent years been detected by other means than 
A-rays. Fallot has found a superlattice of 
the composition NigMn by moans of magnetic 
measurements. The suporlattice of CuZn, first 
investigated by specific heat measurements, has 
been confirmed by Jones and Sykes using 
A-rays. 

The method employed was that previously 
used by Bradley and Rogers 2 ® for the investi¬ 
gation of CUgMnAI. The copper atoms are at 
cube corners, the manganese and aluminium at 
alternate cube centres, so that the structure is 
essentially like that of Fe^ AI. It was elucidated 
with the help of A-rays of various wave-lengths 
to alter the relative values of the scattering 
powers of the atoms. Ordinarily the scattering 
powers of copper and manganese (atomic 
numbers 29 and 25) are too nearly equal to show 
any contrast. This is especially so with zinc 
radiation, which depresses the scattering power 
of copper. On the other hand, the scattering 
power of manganese is depressed by using iron 
radiation, so that this emphasises the contrast 
between copper and manganese. 
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Sykes and Jones investigated CuAu (atomic 
numbers 29 and 30) by using zinc radiation to 
depress the scattering power Qf copper. Sykes 
and Leech also found a superlattice in NIgFe 
(atomic numbers 28 and 26) for the first time by 
using cobalt radiation to depress the scattering 
power of iron. The general rule is that if N is 
the smaller atomic number, ^-rays are obtained 
from a target with atomic number (iV+1), and 
this method may be applied over a considerable 
range of elements. 
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A. J. B. 

ORDER OF BONDS v. Valency. 
ORIENTATION AT SURFACES v. 

Surface Films. 

ORIGANENE?;. a-TnujENE. 
ORIGANUM OILS {v. Oils, Essential, 
Vol. VIII, 650a). 

ORMOSINE, ORMOSININE. Isomeric 
alkaloids extracted from the Venezuelan plant 
Ormosia dasycarpa (Fam. Leguminosae). Or- 
mosine, CgoHggNg, needles with 3-4 HjO, 
m.p. 86-87®. Ormosinine, CgnHggNg, prisms, 
m.p. 203-206® (Hess and Merck, Ber. 1919, 62 
[BJ, 1976). 

For O, species in medicine, see Freise, Tropen- 
pflanzer, 1938, 41, 51. 

J. N. G. 

ORNITHINE, aS-diamino-n-valeric acid, 
NHa[CH 2 ]o-CH(NH 2 ) COOH. The Lisomer 
was tot obtained (as the hydrochloride) by 
Jaff6, by the action of hot hydroohlorio acid on 
the dibenzoyl derivative, Lomithurio acid (Ber. 
1877, 10, 1926; 1878, 11, 40). Omithine 

Vol. IX.—9 


probably does not occur as such in proteins, but 
it is obtained by alkaline hydrolysis of various 
proteins (Kossel and Weiss, Z. physiol. Chem. 
1909, 59, 492 ; 60, 311; 68, 160) probably owing 
to the degradation of Larginine under these con¬ 
ditions ; it is also formed by alkaline hydrolysis 
of citrulline. For the occurrence in other 
sources, see Wintorstein {ibid. 1919, 105, 28); 
Manske (Canad. J. Res. 1937,15B, 84); Gordon, 
Martin, and Synge (Biochem. J. 1943, 37, 313). 

The preparation from Z-arginine by hydrolysis 
with alltali is accompanied by racemisation. 
Optically jmre Z(+)-ornithine may conveniently 
be prepared by the action of the arginase of 
mammalian liver on Z-arginiue as described by 
Hunter {ibid. 1939, 33, 27). Z-Ornithine is also 
obtained by the action of arginase on <ZZ-arginine, 
when only the Z-isomer is degraded (Riesser, 
Z. physiol. Chem. 1906, 49, 210), or by resolution 
of synthetic eZZ-ornithuric acid (Sorensen, Chem. 
Zentr. 1905, II, 461). 

Z-Ornithine, usually isolated as a syrup, can be 
obtained crystalline from alcohol-ether, m.p. 
140° (softens at 120°), [a]“ +11'5° (c=^0 in 
water). It is very soluble in water, readily so in 
alcohol, sparingly so in ether (Vickery and Cook, 
J. Biol. Chem. 1931, 94, 393). The aqueous 
solution is strongly alkaline; for the acidic and 
basic dissociation constants, see Schmidt, Kirk, 
and Schmidt {ibid. 1929, 81, 249). 

Jaffe (Z.c.) showed that ornithine is a diamino- 
w-valeric acid. The location of the amino-groups 
is shown by its degradation to carbon dioxide 
and putrescine (aS-diamino-w-butane) by putre¬ 
factive bacteria (EUinger, Ber. 1898, 31, 3183). 
Confirmation of the accepted structure is found 
in the syntheses of cZZ-omithine mentioned below. 
The configurational relationship of the Z(+)- 
acid to Z-arginine and Z-proline has been estab¬ 
lished by degradative and synthetic methods 
(Karrer and Ehronstein, Helv. Chim. Acta, 1923, 
9, 323), that to other naturally occurring amino- 
acids by optical methods (Karrer, ibid. 1926, 9, 
301; Lutz and Jirgensons, Ber. 1931, 64 [B], 
1221 ). 

Nitrous acid in the presence of mineral acid 
converts omithine to aS-dihydroxy-n-valeric 
acid (Schulze and Winterstein, Z. physiol. 
Chem. 1898, 26, 11); for the rate of deamination 
under Van Slyke conditions, see Plimmer (Bio¬ 
chem. J. 1924, 18, 107). By the action of 
benzoyl chloride and alkali it is converted into 
ornithuric acid (Fischer, Ber. 1901, 34, 462); 
interaction with cyanamide gives arginine 
(Schulze and Winterstein, ibid, 1899, 32, 3191; 
Z. physiol. Chem. 1901, 34, 128). On d^ distil¬ 
lation of the hydrocliloride pyrrolidine is 
formed. Ornithine reacts with salicylaldehyde 
to give an o-hydroxybenzylidene derivative, 
from which on hydrolysis the amino-acid is 
regenerated, a reaction useful in isolation pro¬ 
cedures (Bergmann and Zervas, ibid. 1926, 162, 
282). 

Some aspects of the intermediary metabolism 
of Z-ornithino are of importance. In birds it 
replaces glycine as a means of detoxicating 
various acids, which are excreted as the N“N®- 
&i«-acyl derivatives. Thus hens receiving benzoic 
or /3-phenylpropionic acfds in their diet excrete 
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?-ornithuric acid; plienylacctic and a-fiiroic 
acids are excreted as the ^/.v-pbenylacetyl and 
6t.s’-a-furoyI derivatives (Jatle, /.r.; Shiple and 
Sherwin, J. Biol. Cheni. 1922, 53, 403 ; (howdle 
and Sherwin, ibid. 1923, 55, 15, 303). i-Orni- 
thine is intimately concerned Avitli the synthesis 
of urea, which, it has been suggested, takes place 
in the mammalian liver by a cyclic process of the 
following typo (Krebs and Henseleit, Z. physiol. 
Chem. 1932, 210, 33 ; Krebs, Biochem. J. 1942, 
36, 758, and intervening ))apers; ^ee also Ann. 
Rev. Biochem. 1943, 12, 190): 

COg-f NHg-f Ornithine Citrulline 

N Hg+Citrulline -> Arginine | HgO 

ArginineOrnithine j CO(NHg) 2 . 

By the use of isotopic'ally ialx'lled materials the 
metabolic relationship of /-ornithine to glycine 
on the one hand and to })roline, arginine, and 
glutamic acid on the other has been demorn 
strated (Shemin and Rittenberg, J. Biol. ('hem. 
1945, 158, 71; Clutton, iSchoenheimer, and 
Rittenberg, ibid. 1940, 132, 227 ; RololT, Ratner, 
and 8chocnheimer, ibid. 1940, 136, 501 ; IStetten 
and JSchoenheimer, ibid. 1944, 153, 113). It is 
possible that ornithine may he concerned in the 
biosynthesis of nicotinic acid (j\l. Oiiggenheim, 
“ Dio Biogenen Amine,” Basle, 1940, p. 174). 
For the estimation of /-ornithine manometrically 
by the use of a sj)ecilic decarboxylase prepara¬ 
tion, see Gale, Biochem. J. 1945, 39, 40. 

Z-Ornithine forms salts with acids and reacts 
with a variety of precipitants for bases. The 
monoliydrochloridc, CgHjgOgNgtHCI, has 
-f 1 in w^ater) ; the dihydrochloridey 

C5Hi 202N2,2HC1, has +l(i-7‘‘ (c.--5'3 in 
water) (daffe, l.c.; Hunter, l.c.). Both the 
monopicratef CgH(slender 
needles from concentrati'd aqueous solution), 
and the dipicrate, Cr,Hi 202 N 2 , 2 C 6 Hg 07 N 3 , 
(rhombic prisms from 50% alcohol), darken at 
200°; m.p. 208° (decomp.) (Vickery and Cook, 

l. c.). For the separation from other bases as the 
picrate, see Kossol and Weiss (Z. physiol. Chem. 

1909, 59, 499); by the use of permutit, ^ee Felix 
and Lang {ibid. 1929, 182, 133). hOrnithme 
inonosulphate, (C 5 Hi 202 N 2 ) 2 »H 2 S 04 , darkens 
at 225°; m.p. 234° (decomp.); [a]^® -f8-4° 
(water); is a useful salt for purposes of identifi¬ 
cation (Vickery and Cook, l.c.). For other salts 
and double compounds, see Schulze and Winter- 
stein {ibid, 1901, 34, 128); Kiesel {ibid. 1922, 
118, 262). 

Among derivatives suitable for identification 
of Z-ornithino are: the H^H^-his-jiaphthalene- 
sulphonyl derivative, C 5 Hio 02 N 2 (S 02 CioH 7 ) 2 , 

m. p. 191-192° (Riesser, l.c.); the phenythydan- 
toin, Ci 5 ,H 2 o 03 N 4 , m.p. 208-209°, [a]^® -48° 
{c=2 in pyridine) (Dakin, J. Biol. Chem. 1942, 
146, 237). The N“N^-dibenzoyl derivative, 1- 
ornithuric acidf 

NH(COPh) [CH2]3 CH(NH COPL) COgH, 

forms needles from alcohol, m.p. 188-189° 
(Sorensen, Chem. Zentr. 1905, II, 461; JalFe, 


l. c.), insoluble in cold water, sparingly soluble 
in ether and has [a]},® -1-6° (C-- 2-48 in methanol) 
(Karrer and Ehrenstcin, l.c.) ; methyl ester, 

m. p. 145-146°, [a]JJ -13-24° (c-1-436 in 

methanol). H^-7nonobenzoyl-l-ornithine, 

NH(C0Ph)-[CH2l3-CH(NH2)-C02H, 

obtained by the action of 20% hydrochloric acid 
on Z-ornithuric acid, forms needles from hot 
w'ater, m.p. ca. 240° (Sorensen, l.c. ; Jaff6, l.c.). 
N “ - onobenzoyl -1 - orni th i ne , 

NH 2 -LCH 2 ] 3 -CH(NH COPh) COoH, 

obtained by the action of baryta on Z-ornithuric 
acid, forms crystals from water, m.p. 224—226°, 
+8-03° (c^2'79 in water) (Karrer and 
Elirenstein, l.c.). 

For d{ — )-oniithine, and derivatives, see Soren¬ 
sen {l.c.). 

d\-(Jrnitfiine may be obtained by hydrolysis of 
/-arginine or a suitable derivative with barium 
hydroxide solution ; for a convenient procedure, 
see Kurtz (.). Biol. Chem. 1938, 122, 477). 
Alternatively, the racemisation and hydrolysis 
of arginine may be effected by the method of 
Bergmann and Koster (Z. physiol. Chem. 1926, 
159, 179). dZ-Ornithine was first obtained 

synthetically by Fischer (Ber. 1901, 34, 454), 
who brominated ethyl y-phthalimidopropyl- 
malonate and hydrolysed the product to a- 
bromo-S-phthalimido-w-valeric acid, which was 
aminated. and the product hydrolysed with 
hydrocliloric acid to give dZ-ornithine hydro¬ 
chloride : 

CgH,(CO)2N [CH2VCH(CO,Et), 
CeH,(CO),N [CHj]3 CBr(C02Et)2 
C,H,(CO),N [CH,VCHBr CO,H 

dZ-ornithine hy d roch 1 oride. 

Subsequently, syntheses have been effected from 
ethyl y-phthalimidopropylphthalimidomalonate 
by Sorensen {l.c. ; Compt. rend. Trav. Lab. 
('arlsberg, 1903-6, 6, 1); from j8-vinylacrylic 
acid by Fischer and Raske (Ber. 1905, 38, 3607); 
from piperidine by Fischer and Zempl4n (Ber. 
1909, 42, 1022); from acrolein by Keimatsu 
and Sugasawa (J. Pharm. Soc. Japan, 1928, 48, 
24); from a-aminoadipic acid by Adamson 
(J.C.S. 1939, 1564), and by Fox, Dunn, and 
Stoddard (J. Org. Chem. 1941, 6, 410). In the 
last-named synthesis, which is convenient in that 
it allows the ready preparation of ca. 100 g. of 
material, eyeZopentanone is converted by 
hydroxylamine to the oxime, which is rearranged 
by 30 n. sulphuric acid, and the a-piperidone so 
obtained hydrolysed to 3-amino-w-valeric acid. 
The N -benzoyl derivative is then brominated 
and aminated to give N^-monobenzoyl-tZZ- 
ornithine, giving cZZ-ornithine hydrochloride on 
hydrolysis with hydrochloric acid. 

<ZZ-Ornithine has been obtained as crystals from 
water, sparingly soluble in alcohol. The mono- 
hydrochloride has m.p. 233° (deoomp.) (Fox, 
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Dunn, and StodcLard, Lc.) ; the monosvlphate, 
m.p. 234'^ (decomp,), and the dipicrate, m.p. 208° 
(decomp.) (Vickery iand Cook, l.c.), 
7iaphlhalene8ulphonyl-(\\-ornithine has m.p. 195- 
196°; the j)he7iylhyda'ntoi)i m.p. 191-192° 
(Dakin, lx.). The N^N^-dibcMzoyl derivative, 
i\\-or7dlhuric acid, obtained by bcnzoylatioii of 
dZ-ornithine by the Schottcn-Baumann method 
(Fieclier, Bcr. 1901, 34, 462) forms needles from 
alcohol, m.p. 187-188°. The monobenzoyl 
derivatives of d/-ornitliine are obtained by 
methods analogous to those used for the l- 
isomers ; N^-7no7iohe7izoyl, m.p. 285-288° (Soren¬ 
sen, ibid. 1910, 43, 643) ; N^-7nonobe7tzoyly m.p. 
264-267° (Sorensen, l.r .; Sorensen, Hoyrup, and 
Anderson, Z. physiol, (luun. 1911, 76, 52). 

For dipeptidcs of ornithine, see Bergmann and 
Roster {ibid. 1927, 167, 91). 

B. L. 

ORPIMENT. Arsenic trisulphide, ASgSg. 
Crystallises in the monoclinic system, crystals 
being rare and short prismatic, tabular, and 
pseudo-orthorhombic in form. The mineral 
usually occurs in foliated or scaly masses which 
can be split easily parallel to the perfect clino- 
])inacoidal (deavage. Orpiment is very soft 
(hardness, 1^-2) and sectiJe, its cleavage lamellae 
being Oexible but not elastic; p 3-49. Colour 
lemon-yellow, the lustre being resinous, and 
pearly on the cleavage surfaces. The mineral 
forms as a low-temperature product in hydro¬ 
thermal veins and occasionally as a hot-spring 
deposit. It also occurs as an alteration product 
of other arsenic minerals, especially realgar 
iq.v.). When orpiment is produced artifically 
by heating arsenious acid with hydrogen sul¬ 
phide under pressure, it is colloquially called 
“ King’s yellow.” Formerly, the natural mineral 
was used as a yellow pigment, for dyeing, and by 
tanners for removing hair from skins, but for 
those industrial ijurposes it has now been largely 
superseded by artificial arsenic sulphide. 

D. W. 

ORRIS ROOT is the dried peeled rhizome 
of Iris flore7itina, I. ger7na7iica, or /. pallida 
(Fam. Iridaceoe) formerly esteemed as a cathartic 
but now used as an ingredient of toilet powders, 
dentifrices, and snuff. The chief odoriferous 
constituent, ^-irone (?;. Vol. VII, 62c), is found 
in essential oil of orris {coTicrete oil of orris, butter 
of orris) which when diluted has an agreeable 
odour of violets. This yellowish oil, m.p. 40- 
50°, contains about 85% of odourless myristic 
acid. An isotlavone glucoside, iridin {v. Vol. V, 
259cZ; VI, 90c), is present in the root, which also 
contains irism {v. Vol. 11, 3036) and other laevulo- 
sans, a fatty oil and sucrose (Colin e^’ at., A. 
1927, 1116; 1928, 803). For essential oil, see 
Thiebault, Amer. Chem. Abstr. 1934, 28, 6530; 
Guenther, ibid. 1935, 29, 3772; Sabbatini, Riv. 
ital. essenze, profumi, piante ofilc. 1936, 18, 86, 
135, 187. Iridin. (v.supra) is also the name of a 
resinoid contained in the drug iris (Iris versicolor). 

J. N. G. 

ORSELLINICACID(t?. Vol. VII, 2936, c). 

ORTHITE or Allanite. A complex rare- 
earth silicate of variable composition belonging 
to the epidote group of minerals, and sometimes 
referred to os cerium-epidote. It contains cer¬ 


tain of the cerium metals—cerium, neodymium, 
praseodymium, and lanthanum—and in smaller 
amounts the metals of the yttrium group. The 
general formula is Mj^M 5 ’^^(Si 04 ) 3 ( 0 H), 
where M^^ -Ca, Fe, Mn, and includes Al, 
Fe, Ce, La. A recent analysis of orthite from 
Colorado gave: SiOg 30-4(), AlgOg 10-25, FeO 
10-29, FegOg 10-33, CCoOg 14-61, (La,Tb)g03 
-fYgOg, etc., 10-23, MnO 0-66, CaO 7-47, 
MgO 1-44, KgO 0-16, TiOg 1-46, 1-95%. 

and small amounts of other cor.stituents. It 
must be emphasised, however, tliat the com¬ 
position of orthite is subject to wide variations. 
The mineral crystallises in the monoclinic 
system, often with a prismatic appearance, and 
is commonly found massive or in irregular grains. 
It is brown to })itch-black in colour, and may bo 
coated with yellowish-brown decomposition pro¬ 
ducts. On freshly fractured surfaces it displays 
a submetallic, pitchy to resinous lustre, p 3-5- 
4-2; hardness 56. Orthite occurs as a minor 
constituent in many igneous rocks, notably in 
granites, syenites, and pegmatites, sometimes 
developing as large masses in the last-named 
rock. It is a minor source of cerium, used in the 
separation of metals from refractory oxides and 
as a gas purifier in the manufacture of neon 
lamps; also in making ferroceriuin pyrophoric 
alloys and various cerium compounds. 

D. W. 

ORTHOBARIC DENSITY. The density 
of a liquid (di) and of its saturated vapour co¬ 
existing in equilibrium with it (c/p) at the same 
temperature are called orthobaric densities. They 
are generally determined by the method of 
S. Young (J.C.S. 1891, 59, 37) in which different 
weights of material are sealed in evacuated glass 
tubes of sufficient strength to withstand the 
pressures developed, and the volumes occupied 
by the gas ( Vv) and the liquid ( Vi) are deter¬ 
mined. This requires only the measurement of 
the length occupied by either gas or liquid in a 
tube which has been previously calibrated by 
volume. The total weight (IF) of material in the 
tube is then given by : 

W=^Vidi-{-Vvdv^ 

Since there are two unknowms (di and c/p), two 
determinations with different w^eights give 
simultaneous equations from which both 
quantities can be found. In accurate work it is 
necessary to allow for the volume of liqtiid in the 
meniscus, but corrections for the change of 
volume of the tube due to increases of tempera¬ 
ture and pressure are generally negligible. 

Since, in general, liquids expand on heating, 
but vapour pressures and densities increase, the 
orthobaric densities approach one another with 
rise of temperature, and become coincident at 
the critical temperature. Graphs of orthobaric 
densities of a substance as a function of tempera¬ 
ture therefore form a continuous curve, similar 
in shape to the example shown in Fig. 1, which 
is that for carbon dioxide, taken from the paper 
of Lowry and Erikson (J. Amer. Chem. Soc. 1927, 
49, 2729). 

The figure also illustrates the most interesting 
property of orthobaric densities, namely, that 
their arithmetic mean is a linear function of 
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temperature. Thus, in the case of carbon 
dioxide, Lowry and Erikson found : 

i{W)t+Wi}=0'4683+0-001442(ec-0 

(where t(. is the critical temperature, 31-0°o.). 

This relationship, due to Cailletet and Mathias 
(1886) is known as the Law of Rectilinear Dia¬ 
meters; it is particularly useful in helping to 
locate the exact position of the critical point, as 
will be clear from the figure. 

J. A. K. 

ORTHOCAINE. Methylm-amino-^-hydr- 
oxybenzoate. Local analgesic and antiseptic. 
B.P., B.P.C. {v. Synthetic Deuqs). 

S. E. 

ORTHOCLASE, Potash Felspar (v. Fel- 
SPAB, Vol. V, la). 


ORTHODENE. 


HC 

H.l: 


CHj 




CMe 

■CMejJi 

C H 

'^k 


(?) 


b.p. US-nO°l757 mm., 0-8430, < 1-4670, 
[a]p -f-32-6®. Occurs in the oil from the roots of 
Orthodon lanceolatum (Fujita, J. Chem. Soc. 
Japan, 1933, 54, 1181). 

' J. L. S. 

ORTHO FORM, NEW v. Oethooainb. 
ORTHOHYDROGEN (w. Hybeogen, Vol. 
VI, md). 
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O R YZA N IN . Former name for vitamin-Bj 
{v. Vol. IJ, 60c, 492^;). , 

OSAGE ORANGE TREE. The wood of 
this tree, Madurapomifera Raf., found through¬ 
out south-eastern Oklahoma and eastern Texas, 
possesses dyeing properties similar to those of 
old fustic {v. this Vol. p. 81c), but the shades 
produced are slightly purer, less red, and faster 
to light. A qualitative examination of the 
aqueous extract showed that the dyeing prin¬ 
ciples present consisted, as in old fustic, of 
morin and maclurin (Kressmann, Textile 
(/olorist, 1914, 36, 97; J. Amcr. Leather Chem. 
Assoc. 1915, 10, 347; Uesiuurs, J. Soc. Leather 
Trades’ Chem. 1928, 12, 424). 

Two colouring matters, osajin, C 25 H 24 O 5 , 
Tu.p. 189°, and pomiferin, C25H24C5g, m.j). 
200-5°, are present, probably in the free state, 
in the fruit of Madura jumiifera. The two pig¬ 
ments are closely related, pomiferin being 
hydro xy-osajin. 

Catalytic hydrogenation converts both pig¬ 
ments into di- and tetra-hydro-compounds show¬ 
ing the presence of two cthylenic linkages. 

()sajin and pomiferin are isomcrised to colourless 
])rodiicts, im-oaajin, m.p. 285° (decomp.), and 
impomijerin, m.p. 265° (decomp.), respectively, 
by the action of sulphuric acid in acetic acid. 
I’ho dihydro-derivatives are similarly isomerised, 
l)ut tetrahydro-osajin and totrahydropomiferin 
do not form tso-compounds. 

Osajin dimethyl ether is converted by mild 
alkaline treatment into formic acid (1 mol.) and 
osajetin dimethyl ether (I; R=H), which with 
boiling alcoholic potash gives rise to ^-methoxy- 
])henylacetic acid. Similarly, pomiferin tri¬ 
methyl ether yields pomiforitin trimethyl ether 
(1; R = OMe) and 3:4-dimethoxyphenylacotic 
acid. 



These, and other, facts indicate that osajin 
and pomiferin are t^oflavone derivatives, and 
the following formulsB are assigned: 


CH 

Me.C-/ 

I A I 
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I OH 
HC 
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II 
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3' 


OH 


CMea 

Osajin (pomiferin, 3' = OH). 



HX^S 




II 

o 


CMea 

Mo-Osajln. 


Both osajin and pomiferin yield 0*7 mol. of 
acetone on ozonisation, and this establishes the 
presence of the isopropylidene group. In the 
acid isomerisation of osajin and pomiferin a 
double bond and a phenolic group disappear, 
presumably by addition of the phenolic group 
to the double bond to form a cyclic ether. 


HOi 



pH 


H.C/ 


CMea 

II. 


Alkaline fusion of i^o-osajin and isopomiferin 
gives acetone and 2:2-dimethyl-5:7-chromandiol 
(II). The formulation of ring A rests upon the 
known fact (c/. Robertson et al., J.C.S. 1937, 
279, 1530) that such a structure yields acetone 
on alkaline fusion (Wolfrom et al., J. Amer. 
Chem. Soc. 1938, 60, 574; 1939, 61, 2832; 
1940, 62, 651, 1484; 1941, 63, 422, 1248, 1253, 
3356; 1942, 64, 308, 311; 1943, 65, 1434). 

E. J. C. 

OSAJiN, i^oOSAJIN (v. Osage Orange 
Tree, supra), 

OSAZONES {v, Vol. Ill, 293c; VI, 302c). 

OSCILLATOR, ENERGY OF (v. Mole¬ 
cular Spectra, Vol. VIII, 186a). 

OSM IRIDIUM (V. IRTDO.SMINE, Vol. VII, 
296). 

OSMIUM. Sym. Os. At.no. 76. At wt. 
190-2. 

Occurrence. —Practically the only natural 
source of osmium is osmiridium {v, Ibidosmine. 
Vol. VII, 296), but small quantities of the metal 
are found in the very rare ruthenium sulphide 
mineral laurite {v. Vol. VII, 196c). Although 
osmiridium is almost always found associated 
with native platinum, it is very doubtful 
whether the platinum mineral itselSf ever con¬ 
tains more than traces of osmium. At one time 
the chief source of osmiridium was alluvial 
gravels in Tasmania, but this source is now 
almost worked out and, apart from that which 
is produced in Russia as a minor constituent of 
the platinum concentrated from the Urals and 
Siberia, no details of which have been published 
for many years, the chief source of the mineral 
is the black-sand concentrates derived from the 
banket in the Witwatersrand gold reef. The 
platinum concentrates found in the Good News 
Bay area of Alaska contain 10-20% of an 
iridium-rich variety of osmiridium which con¬ 
tains 13-14% of osmium. Analyses of some 
typical osmiridiums have been given in the 
article on Iridium (v. Vol. VII, 27a). 

Extraction of Osmium from Osmiri¬ 
dium. —The South African mineral is decom¬ 
posed by fusion with twice its weight of sodium 
peroxide in an iron crucible; this treatment 
converts the osmium and ruthenium into soluble 
sodium perosmato and perruthenate, and the 
iridium and base metals into alkali compounds 
which are decomposed by water with the precipi¬ 
tation of hydroxides. The melt is, therefore, ex- 



134 


OSMIUM. 


tractod with warm water, the innelulde material 
allowed to settle, and the deep-brown solution 
decanted. The precipitate is washed several 
times with dilute alkaline sodium hypochlorite 
solution until no further browm sohition is 
obtained. Addition of alcohol to the clear solu¬ 
tion and washings precipitates the ruthenium as 
hydrated dioxide and reduces the perosmate to 
violet osmate. The violet solution is decanted 
and treated with an excess of potassium 
hydroxide, which precipitates violet crystals of 
potassium osmate, generally contaminated wdth 
a little iridium and platinum. Distillation of the 
crystals with nitric acid volatilises the osmium 
as the tetroxide, which is caught in hot 1:1 
hydrochloric acid containing alcohol to reduce 
it to osmium tetrachloride. Addition of am¬ 
monium chloride to the solution produces a 
precipitate of ammonium chlorosmate, which, 
like the corresponding ))latinum compound, is 
only very slightly soluble in ammonium chloride 
solution. The ammonium chlorosmate is heated 
in a closed graphite pot, from w4iich air is com¬ 
pletely excluded, in order to obtain metallic 
osmium. 

Small quantities of osmium which arc not 
precipitated in any of the stages of this process 
may be recovered by boiling the neutralised 
solution with sodium sulphide, which precipi¬ 
tates osmium sulphide; distillation wuth nitric 
acid converts this into the volatile tetroxide. 

An alternative procedure for recovering 
osmium from alkaline osmate solution consists 
in treating it with concentrated ammonium 
chloride solution, which produces a precipitate 
of orange-yellow crystals of tetramminosmyl 
chloride, [ 0 s 02 (N ^ 3)41012 ; this, on heating 
to dull redness in a non-oxidising atmosjdiere, 
yields osmium sponge. This may contain some 
platinum and iridium if the original osmate 
solution was obtained by fusion of osmiridium 
with sodium peroxide; it may be purified by 
heating in oxygen and converting the resulting 
osmium tetroxide distillate into tetrachloride, 
as described above, or the tetroxide may be col¬ 
lected in alcoholic sodium hydroxide and the 
resulting sodium osmate solution exactly 
neutralised with dilute sulphuric acid to pre¬ 
cipitate hydrated osmium dioxide, which is con¬ 
verted into metal by heating with ammonium 
chloride in a reducing atmosphere. 

Properties. —The metal produced by any of 
the above refining processes consists of a heavy 
blue-grey powder, which oxidises in air slowly at 
room temperature unless it has previously been 
heated for some time at a temperature exceeding 
1,200®. Compact metal may be produced by 
pressing 4he powder into rods and sintering 
these at 2,000-2,500® in an atmosphere of 
hydrogen. The metal melts at about 2,700°. 
Both the melted and the sintered metal are 
extremely hard and quite unworkable. Osmium 
has a hexagonal structure with a 2-7304 a. and 
c/a 1-5785, which indicates a theoretical density 
of 22-61, although the highest values found 
directly range between 22-4 and 22-5 (E. A. 
Owen, L. Pickup, and I. O. Roberts, Z. Krist. 
1935, 91, 70). The specific heat at 0° is 0-030986 
and the temperature coefficient 4-721 x 10-®; 
tbe atomic heat is 5-9152+(9-019x 10-®)^ (E. M. 


Jaeger and E. Rosenbohm, XToc. K. Akad- 
Wetensch. Amsterdam, 1931, 34, 85). Osmium 
ean be boiled in a graphite arc furnace, but does 
not volatilise appreciably at temperatures below 
2 , 000 °o. in the absence of oxj gen; in the 
presence of even small quantities of oxygen the 
volatile tetroxide is formed at relatively low 
temperatures. 

Osmium does not alloy with gold, silver, 
copper, or load, but forms brittle intermetal lie 
compounds with tin and zinc. It alloys readily 
with the other platiniini metals and with iron, 
cobalt, and nickel, forming hard alloys which 
evolve the vapour of osmium tetroxide on heat¬ 
ing to redness in the air. Practically the only 
use for metallic osmium is in the manufacture of 
hard alloys, for use in ti])ping fountain-pen nibs 
and as pivots in scientific instrumtmts. These 
alloys generally contain tungsten and cobalt as 
the major alloying constituents, and many othcr 
nictals have bt-en used as minor constituents. 
Osmium tetn^xide is used for staining tissues in 
biological work. 

Compounds of Osmji'm. 

Osmium Oxides.—(hdy the dioxide, Os0.t, 
and the tetroxide. OSO 4 , appear to be definite 
(‘ompounds. The hydrated dioxide, OsOg.SHgO, 
is formed as a black precipitate by carefully 
neutralising with dihite sulphuric acid a solui ion 
of sodium osmate containing alcohol. \Vh(‘n 
the washed precipitate is heated in a current o{ 
carbon dioxide at 300-400® all the water is ex¬ 
pelled, a licavy gieyish-black j^owcUt of OsOg 
being left. Ofitniam. teiroxide is form(‘d by heat ¬ 
ing osmium Fj>onge or any osmium compound in 
a current of air or oxygen. It. forms a yellow ish- 
whiie crystalline mass, which melts to a pah*- 
yellow liquid at 41 ®c.; the liquid boils at about 
130®c\, although it begins to distil well below- 
its boiling-point. The vapour pressure of the 
liquid at 7’® K. is given by log p —10,100/4-577'' 
+ 5-40. The heat of formation is 93-37 kg.-cal. 
per g.-moh, the critical tcmiperatnre 405® and 
the critical pressure 170 atm. Osmium tetroxide 
has a powerful penetrating odour perce])tible at a 
dilution \)f 0 02 mg. per litre of air. The vapour 
attacks the mucous membrane of the nose, 
throat, and eyes, inducing copious formation of 
tears and blurring the vision for some hours after 
exposure. The vapour and solution stain the 
skin black, owing to reduction of the tetroxide 
to the hydrated dioxide. 100 g. of water dis¬ 
solve 0-47 g., and 100 g. of carbon tetrachloride 
about 250 g. of osmium tetroxide. 

Potassium Osmate, K 20 s 04 , 2 H 20 , is pre¬ 
pared by fusing osmium with sodium peroxide, 
extracting the melt with water, reducing the 
dark brown solution of perosmate to osmate 
with alcohol, and adding potassium hydroxide. 
It forms violet crystals, soluble in water but 
almost insoluble in potassium hydroxide solution. 

Osmium Disulphide, OsSg, has been pre¬ 
pared as black crystals with a cubic lattice of 
the pyrite type (a 5-6 A.). A brown sulphide of 
rather indefinite composition is obtained by 
passing hydrogen sulphide into an alkali osmate 
solution. 

Osmium Fluorides. —Three fluorides are 
known. The octafluoride, OsFg, prepared by 
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treating osmiura pf)wdor with an excess of 
fluorine, forms lemon-yellow crystals which 
melt at 34-5” to a yellowish-red liquid. Its 
existence definitely establishes the octavalency 
of osmium. The hexafiuorkhy OsFg, is fonmjd 
by the action of fluorine on osmium at 250'^’ as a 
yellowish-green crystalline sublimate, which 
melts below 120 " to a lifjuid boiling at about 
205". The ieirafluoridt, OsF^, is produced by 
the action of fluorine at 280° on sponge which 
has been produced at a reel heat. It has not 
been isolated in the pure state, but double salts 
with the alkali fluorides corresponding to tlu; 
chk)roHmate 8 have been obtained. 

Osmium Chlorides. — The ieirachlori dc, 
OSCI 4 , is formed as black crystalline crusts, 
wliich sublime to a yellow vapour, by treating 
osmium sponge with chlorine at 050-700°. The 
trichloride, OsClg, is produced by heating 
osmium in chlorine at 1,050° and cooling the 
vapours rapidly, or better by heating ammonium 
chlorosmate in chlorine at 350°, when it forms a 
brownish-black microcrystalline sublimate. Tin; 
trichloride dissociates to the dark browm di¬ 
chloride when heated to 500° under low' pressure. 

Chlorosmic Acid, HgOsClg, is formed in 
solution wdien osmium tetroxide is reduced by 
boiling witli hydrochloric acid and alcohol und(‘r 
reflux, fl'he resulting reddish-yellow' solution 
yields sparingly soluble brown crystalline preeij)!- 
tates with ammonium, potassium, rubidium, 
ca*sium, and thallium chloiides. (k)rrcsponding 
hroinnsmates have been pre])are(l similarly. 

Potassium Nitrosochlorosmate, 

K20s(N0)Cl5, 

separates in orthorhomi)ic crystals when potas¬ 
sium osmonitrite is boiled wdth concentrated 
hydrochloric acid. It is isomorphous with the 
corresponding ruthenium compound and is like¬ 
wise remarkably stable, oven boiling with nitric 
acid causing only slow evolution of the osmium 
as tetroxide. 

Osmiamic Acid, HNOsOg. —Salts of this 
acid, w'hich is not knowm in the free state, are 
obtained by treating solutions of osmium 
tetroxide in caustic alkalis with ammonia. The 
sodium salt, NaNOsOg, and the potassium salt, 
KNOSO3, are very soluble in water and in 
alcohol, the silver and barium salts are soluble 
in water but not in alcohol, and the mercurous 
salt is insoluble in both solvents. AU the salts 
have a lemon-yellow colour and many detonate 
violently on gentle heating or by percussion 
(E. M. Jaeger and J. E. Zanstra, Proc. K. Akad. 
Wetensch. Amsterdam, 1932, 35, 610, 779, 787). 

Osmium Nitrite, Os (N 62)3, is prepared as 
a brown powder by decomposing barium osmoni¬ 
trite, Ba 0 s(N 02 ) 5 ,H 20 , with dilute sulphuric 
acid and evaporating the solution. It forms a 
stable series of osmonitrites with the alkali and 
alkaline-earth metals, magnesium, zinc, cad¬ 
mium, and silver. The osmonitrites are Iwst 
prepared by boiling a solution of osmiura tetra¬ 
chloride with the corresponding metal nitrite, or 
by double decomposition of the barium salt with 
the metal sulphate; they form yellow to orange 
crystals containing various amounts of water of 
crystallisation, and are generally readily soluble 
in water. 


Osmium Carbonyls. —Carbon monoxide 
under high pressure reduces osmium tetroxide 
to the carbonyls OSglCOlg and Os(CO) 5 , 
according to the conditions. The higher carbonyl 
is a colourless licpiid at ordinary temperatures 
and readily decomposes into 082 ( 00 ) 9 , which 
crystallises in the hexagonal system and melts 
at 224°, but begins to sublime above 130°. The 
carbonyls can also be prepared by reaction of an 
osmium halide with carbon monoxide under 
high pressure in the presence of copper, which 
combines with the liberated halogen. Carbonyl 
derivatives containing.halogen are produced by 
treating osmium halides with (rarbon monoxide ; 
Os (00)4012 and Os( 0 O) 4 Br 2 have been pre¬ 
pared (W. Hieber and H. Htallmann, Z. Elektro- 
chem. 1943, 49, 288). 

Osmocyanides. —The potassium salt, 

K4Os(0N)e,3H2O, 

is obtained by heating ammonium chlorosmate 
with potassium cyanide at a dull red heat and 
extracting the product with hot water; on 
cooling, the salt separates in fim^ yellow crystals. 
Addition of coTic(*ntrated hydrochloric acid to 
the cold saturated solution of potassium osmo- 
cyanid(‘ results in the slow precipitation of white 
crystallic scales of osmocyanic acid, H 40 s(CN) 6 . 

Detection of Osmium.—The characteristic 
odour of osmium tetroxide is produced when 
osmium or any of its compoimds is heated in air. 
Hydrogen sulphide produces brown to black 
precipitates both from acid solutions of osmium 
salts and from alkaline osmatc and perosmate 
solutions. Osmiujn tetroxide or the tetra¬ 
chloride gives a chara(4eristic rose to deep-red 
colour wdien w'arrned with hydrochloric acid and 
thiourea. When an osmium compound is fused 
with sodium peroxide and the aqueous extract 
of the melt is distilled with nitric acid into 
sodium hydroxide solution, a brown solution of 
perosmate is produced which becomes violet on 
addition of alcohol (ruthenium gives a black pre- 
eijutate) and the violet solution is decolourised 
by adfling a large excess of solid potassium 
hydroxide, the osmium being precipitated as 
violet crystals of potassium osmatc. The violet 
solution also gives a yellow crystalline precipi¬ 
tate with ammonium chloride, Insoluble in 
hydrochloric acid, and decomposing on boiling 
with water into a brown solution with the evolu¬ 
tion of osmium tetroxide. 

A. R. P. 

OSMOPHORES. Odoriphores, Groups in 
an organic compound which determine or in¬ 
fluence the property of odour, e.g., hydroxyl and 
other groups possessing residual valency. 

J. N. G. 

OSMOTIC PRESSURE. The experi¬ 
mental and theoretical study of osmotic pressure 
has attracted the attention of a very large 
number of workers, and it is quite impossible to 
summarise their work in a short article. Much 
of it is now of historical interest only; a full 
account will be found in A. Findlay’s monograph 
(“ Osmotic Pressure,” Longmans, 1919). The 
aim of this article is to present a concise account 
of the theoretical basis of osmotic pressure, and 
to describe the more recent experimental work. 
This is almost exclusively confined to the 
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determinatiin of the molecular weight of high 
polymers, for which the method has proved 
invaluable. 

The following theoretical treatment differs 
from that to bo found in most text-books, but 
has the advantage of allowing a sharp distinction 
to be drawn between thermodynamic relation¬ 
ships (which, in their general form, are exact) 
and equations based on statistical calculations, 
which are of necessity approximate. 

Defi nitio n.—If a solution is carefully covered 
with a layer of pure solvent, the two layers 
gradually mix by diffusion, until the solute con¬ 
centration is the same throughout the system. 
If the solution and solvent are contained in 
vessels separated by a semi-permeable membrane, 
through which the solvent can pass, while the 
solute cannot, diffusion of the solvent proceeds 
just as in the abseru^e of a membrane, and results 
in a net transfer of solvent into the solution. 
This transference can be prevented, or even 
reversed, by applying a hydrostatic pressure to 
the solution. For any given concentration of 
solution, there is a definite pressure (depending 
on the temperature) which just causes the net 
diffusion through the membrane to cease. Ity 
definition, this pressure is the osmotic pressure 
of the solution. It is not necessary that the 
solution should bo fluid, and indeed an im¬ 
portant application is to gels, c.^., of rubborh 
benzene. In this case it is customary to speak 
of the sw'elling pressure of the gel, but there is 
no distinction in principle (or in origin) between 
osmotic and swelling pressures. 

Origin.—The origin of osmotic pressure has 
been the subject of much discussion (r/. Findlay, 
op. cit.) and still does not appear to be at all 
generally understood. It is clear from the above 
definition that it arises from the tendency of the 
solvent to diffuse preferentially from solvent to 
solution. This diffusion tendency may be 
described in the language of kinetics or of 
thermodynamics. According to the former, 
osmosis occurs in the absence of any applied 
pressure because the solvent molecules, in their 
constant thermal motion, make more frecpient 
collisions with the membrane on the solvent side 
than on the solution side. The effect of apply¬ 
ing a hydrostatic pressure to the solution is, on 
this view, to increase the number of collisions 
with the membrane of solvent molecules from 
the solution, and/or the probability of a given 
collision resulting in the molecule penetrating 
the membrane. In the absence of any satis¬ 
factory kinetic theory of liquids it is impossible 
to develop this argument quantitatively, and all 
that can be said is that, at equilibrium, the pres¬ 
sure across the membrane will be equal to the 
osmotic pressure of the solution. It is not 
necessarily true, as is frequently stated, that 
this pressure is equal to the pressure exerted on 
the membrane by the solute molecules. It is 
still less true to say that the osmotic pressure is 
equal to the pressure exerted on the membrane 
by the solute molecules when the system is not 
in equilibrium. (A simple but convincing proof 
of the incorrectness of these statements is given 
by E. A. Guggenheim in “ Modern Thermo¬ 
dynamics,” Methuen, 1933, p. 85.) 

Thermodynamics is not concerned with 


mechanisms, and cannot, therefore, strictly 
describe the origin of osmotic pressure. It does, 
how'ever, enable it to be related to a quantity 
susceptible of calculation by statistical methods, 
namely, the decrease in the free energy of the 
system which occurs when solvent is transferred 
from the solvent to the solution. If —AOq is the 
decrease of Gibbs free-energy on transferring 
one mole of solvent to a large bulk of solution, 
it may be shown (Guggenheim, op. cit.) by purely 
thermodynamic reasoning, that the osmotic 
pres.surc 11 of the solution is given by : 

. . ( 1 ) 

where Tq is the partial molar volume of the sol¬ 
vent in the solution, and is the hydrostatic 
pressure on the solvent. Since Pq is always 
small (usually 1 atm.) its effect on 77 is negligible, 
and we may put Pq 0. For small osmotic 
pressures is practically independent of P and 
equal to the molar volume Fq of the pure sol¬ 
vent, so that (1) ma}" be integrated to give : 

... ( 2 ) 

The “ free energy of dilution ” may now 
be divided into heat (JIIq) and entropy (^Nq) 

AQ,^AII,-TAS, . . (3) 

For an ideal solution (more generally, for an 
athcrmal solution) so that (2) becomes : 

77-7’J.SVFo . . . (4) 

Equations (1) and (3), or the approximate forms 
(2) and (4) where applicable, relate the osmotic 
pressure to thermodynamic quantities which can 
be cither calculated statistically, or related to 
other measurable quantities. 

Relation of Osmotic Pressure to Mole¬ 
cular Weight : Statistical Theory. —The 
calculation of the entropy of dilution ASq 
requires the methods of statistical mechanics, 
with the assumption of a molecular model. For 
a solution in which the solvent and solute mole¬ 
cules are of approximately equal sizes, Guggen¬ 
heim has shown that the problem may be solved 
by treating the solution as pseudo-crystalline, 
the two kinds of molecules being arranged at 
random on a crystal lattice (c/. E. A. Guggen¬ 
heim and R. H. Fowler, ” Statistical Thermo¬ 
dynamics,” Cambridge, 1939). 

Tliis procedure finds some justification in the 
demonstration that liquids do, in fact,'possess 
local order, and are much more closely akin to 
crystals than to gases. Independently of the 
co-ordination number of the lattice (e.c., the 
number of nearest neighbours of a molecule in 
the lattice), it is readily shown that: 

ASoC:=iRloge{l+NslN,) . . (5) 

where Ns and Nq are the numbers of solute and 
solvent molecules in the solution. For dilute 
solutions, the log term in (6) may be expanded, 
so that on substituting into (4) we obtain, for 
ideal, dilute solutions; 

nc^{RTIVo)loge{l+NslN^) 

[RTI Fp). (NsIN^) nRTj V . (6) 
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where n is the number of gram-molecules of solute 
contained in a volume V of solvent. Apart from 
the difference between the volumes of solvent and 
solution, this equation is formally identical with 
the ideal-gas law, a circumstance which has done 
much to foster the erroneous kinetic theories of 
osmotic pressure referred to above. 

Equation (6) may also be written in terms of 
c, the concentration of the solution, and Mg, 
the molecular weight of the solute : 

n^cRTIMg, ... (7) 

The equation in this form was first derived by 
van’t Hoff, and forms the basis of the use of 
osmotic pressures to calculate molecular weights. 
It must be emphasised that it is only an approxi¬ 
mate expression, requiring modification for 
application to real solutions. Two kinds of 
correction are needed, to take account of 
(a) finite heats of dilution, and (i[^) the different 
entropy of dilution when the solvent and solute 
molecules differ markedly in size, or are not 
randomly mixed. The widespreaci application 
of c^smotic-pressure measurements to solutions 
of high polymers has made this second factor 
extremely important. 

It is not in general possible to calculate the 
heat of dilution absolutely by statistical 
methods, but it has been shown that AHq may 
he expressed as a power series in Vg, the volume 
fraction of the solute, in which the first term 
involves and the higher terms are frequently 
unimportant (c/. J. H. Hildebrand, “Solu¬ 
bility,” Keinhold, lO.Sfi). For dilute solutions, 
?',v is nearly proportional to c, and we may 
w rit(^: 

AH Q .... ( 8 ) 

Ag being a constant, whence; 

nicc^^UTlMg-k^c ... (9) 

It is evident from (9) that van’t Hoff’s law is not 
valid for non-ideal solutions, but that the limit¬ 
ing value of nje at infinite dilution will give a 
measure of RTjMg. 

The problem presented by solute and solvent 
molecules differing widely in size is more diffi¬ 
cult, the most important practical case being 
that of solutions of long-chain molecules. 
Approximate calculations of the entropy of 
dilution have been made on the basis of an 
assumed lattice structure in which a solvent 
molecule occupies one site, while the solute 
molecule is supposed divisible into segments, 
each occupying one site, with free rotation 
between segments (c/. Flory, J. Chem. Physics, 
1942, 10, 61; Huggins, Ann. New York Acad. 
Sci. 1942, 48, 1; Miller, Proc. Camb. Phil. Soc. 
1942, 88, 109; 1943, 89, 54, 131). The entropy 
is now found to be dependent on the co-ordina¬ 
tion number Z of the lattice. Miller’s expression 
being; 

J6fo=--H[loge {I-Vs) 

-(Z/2) loge {l--(2vslZ)(l-VoIVs)}] . (10) 

where F| is the molar volume of the solute. 
For dilute solutions, this may be simplified by 
expanding the log terms. Incorporating a heat 
of dilution given by (8), the final expression for 


the osmotic pressure of a dilute solution of a 
long-chain polymer may bo written : 

nic^RTIMs-^c[{R.Tps^lV,){i-{llz)}~-lc^^ 
where pg is the density of the solute. This 
equation leads to the conclusion that not only 
does van’t Hoff’s law not hold for polymer solu¬ 
tions, but that except at very low concentrations, 
the first term is negligible for high polymers, and 
the osmotic pressure becomes nearly independent 
of the molecular weight of the polymer. Just as 
in the case of non-ideal solutions of low-molecular 
materials, we conclude,from (11) that the limit¬ 
ing value of 77/c at infinite dilution is RTjMs, 
i.e., that van’t Hoff’s law is the correct limiting 
law at infinite dilution. Gee has shown (Trans. 
Faraday Soc. 1944, 40, 201), by a very general 
statistical argument, that the same is true for 
solute raoIe(‘ules of any shape or size. Hence, 
the statistical basis of the use of osmotic- 
pressure measurements for the calculation of 
molecular v eights may be written: 

Ms^HT ^^0 (cH . . (12) 

This equation is of general validity and is 
independent of the nature of the solvent, or 
whether it is associated. Gee has also shown it 
to bo true for solutions in mixed solvents (Trans. 
Faraday Soc. 1944, 40, 463). If the solute is 
solvated, the molecular weight found does not 
include the solvent thus attached. If the solute 
itself is associated, the “ molecular weight ” is 
that of the complex, but it must be pointed out 
that most molecular complexes would be broken 
down in solution at concentrations likely to be 
employed for osmotic-pressure measurements. 

Relaticm of Osmotic Pressure to other 
Properties of Solutions. —Although thormo- 
djmamics does not enable us to calculate the 
osmotic pressure of a solution, it does give a 
series of relations between osmotic pressure, 
vapour pressure, freezing point, and boiling- 
point. We may regard all these “ colligative 
properties ” of the solution as determining the 
free energy of dilution; their relation to the 
concentration of the solution and the molecular 
weight of the solute rests on the statistical theory 
given above. The following thermodynamic 
results are given in their exact form; the re¬ 
lationships to molecular properties which foUow 
are only approximate, but—like van’t Hoff’s 
equation—^^^ill be valid at infinite dilution. 

Vapour Pressure. 

JG„=-Kriogc(prW) 

~-«3’]ogc{i)8K) (13o); 
yo —• • (136); 

where pj*, pj are the solvent fugacitics in the 
solvent and solution; 

Fo vapour pressures of sol¬ 

vent in the solvent and solu¬ 
tion ; 

Xq is the mol fraction of solvent in 
the solution. 

Freezing-point of Solution. 

JG,=:J^£,.d(loge!r) . (14o); 
loge Xe ~ . (146); 
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where 7’®, arc the freezing-points of solvent I dilution. The contribution made to the osmotic 


and solution ; 

L% is the latent heat of fusion of the 
solvent. 

Boi ling-point of Solution. 

rT^ 

- - J Le . d(logc T) . (ir>») ; 

loge A^o ^ -(/4//fT02)(T^-T0) (156); 

where arc the boiling-points of solvent 

and solution ; 

is the latent heat of evaporation of 
the solvent. 

ExperimeMal Tests of Theory. Although we do 
not wish to describe here the extremely careful 
and precise determinations made by Berkeley, 
Morse, Washburn and their co-Avorkers, of the 
osmotic pressures of aqueous solutions (r/. 
Findlay, op. cit.), it is of importance to see how’ 
closely their results accord wdth the above 
theoretical equations. Comparison of experi¬ 
ment and theory falls under tw’O heads : 

1. The remarkably close agreement found 
between osmotic pressures measured directly 
and those calculated from vapour-jireasure data 
shows the membrane used to be truly semi- 
permeable, and also gives evidence of the skill 
of the experimenters, since equation (13a) is 
exact. (The most striking example is the work 
of Berkeley et al. on the osmotic pressures of 
aqueous solutions of calcium ferrocyanide, in 
which osmotic pressures of up to 130 atm. w’ere 
measured, and found to agree with values cal¬ 
culated from the vapour pressures to better 
than 1%.) 

2. The extent to w’hich equation (6) reiwesents 
the osmotic pressure data is a measure of the 
validity of the assumptions involved in its 
derivation. The table below indicates the order 
of agreement found. 

Osmotic Pressure of Cane Sugar 

Solutions at 0"c. 

(Berkeley and Hartley, Proc. Roy. Soc. 1910, A, 
92, 477.) 


Weight 
concentra¬ 
tion g./lOO 
g. water. 

n (atm.) 

Oh^prvpd Calculated 
Ohaerved. 

Jl/o/I’o. 

(atiii.). 

TT (cor¬ 
rected). 

3-3927 

2-23 

2-215 

0-02 

2-23 

10-184 

6-86 

6-63 

0-25 

6-88 

20-526 

14-21 

13-34 

1-2 

14-65 

30-608 

21-87 

20-00 

3-0 

23-0 

33-945 

24-55 

22-0 

3-76 

25-75 

81-262 

67-74 

52-0 



111-731 

100-13 

70-9 



141-107 

134-84 

1 88-9 




It is evident from this table that, while equa¬ 
tion (6) represents the data at infinite dilution, 
the deviation increases with concentration, and 
becomes more than 60% in the most concen¬ 
trated solution. A considerable part of this 
discrepancy arises from neglecting the heat of 


pressure is given in the fourth column, calculated 
from the calorimetric measurements of Pratt 
(J. Franklin Inst. 1918, 185, 063). The last 
column, containing the corrected osmotic 
pressures, is in better agreement with experi¬ 
ment, but still shows the deviations at the higher 
concentrations, though now in the opposite 
sense. These almost certainly arise from a 
tendency of the sugar and water molecules to bo 
associated in solution; thus reducing the state of 
disorder of Hie solution and consequently 
decreasing J/Sq. This explanation may be 
regarded as a modern version of the older 
attempts to reconcile theory and experiment 
by assuming a definite degree of hydration of the 
sugar molecules (cf. Findlay, op. cit.). It may 
be noted that corrections for the compressibility 
of the solutions, and for the departure of the 
partial molar volume of water from the total 
molar volume are small, each amounting at a 
concentration of 34 g. per 100 g. of water to 
approximately 0-1% of the measured osmotic 
pressure. 

The Osmotic Pressures of Solutions of 
High Polymers. — {a) Experimcjilal 7'ech- 
nique .—The design of an osmometer for use with 
.solutions of high polymers presents very 
difl'erent problems from tho.se encountered in the 
classical work on sugar solutions. The pressures 
to be measurod are extremely small, since, as we 
shall see, deviations from van’t Hoff's law are 
usually serious at any concentration at W'hich 
the osmotic pressure is measurable. Present 
practice aims at measuring juessures of the order 
of 5-50 mm. of solution, and it is not usually 
po.saiblo to attain an accuracy much better than 
1 mm. A number of different designs of instru¬ 
ment have been described (Adair, Proc. Roy. 
Soc. 1925, A, 108, 027; l)obry, J. Chim. phys. 
1935, 32, 40; Schulz, Z. phy.sikal. Chem. 1930, 
A, 176, 317; Boi.s.sonna8 and Meyer, Helv. 
Chim. Acta, 1940, 23, 430; Carter and Record, 
J.C.S. 1939, 060; Montonna and Jilk, J. 
Physical Chem. 1941, 46, 1374; Gee, Trans. 
Faraday Soc. 1940, 36, 1102; Gee and Treloar, 
ibid. 1942, 38, 147 ; Fuoss and Mead, J. Physical 
Chem. 1943, 47, 59 ; Flory, J. Amer. Chem. Soe. 
1943, 65, 372). The two models shown in 
Figs. 1, 2, and 3, illustrate the main features. In 
Meyer’s design (Figs. 1 and 2), the solvent and 
solution are contained in shallow colls turned 
out of two metal blocks, separated by the 
membrane, and clamped together by a ring of 
bolts. The membrane is supported on both sides 
by perforated plates. Each cell communicates 
with a glass tube and with a filling tube which 
can bo closed by a metal needle-valve. After 
assembling and filling, the system is thermo- 
statted and allowed to come to equilibrium, the 
final difference of level in the two glass tubes 
(corrected, if necessary, for capillarity) giving 
directly the osmotic pressure of the solution. 
Provided the faces of the metal plates are truly 
flat, no trouble should be experienced with 
leakage past the edges of the membrane, since 
a high pressure is readily applied. The metal- 
to-glass joints may be made with fusible metal 
(as in Meyer’s design) or by fixing the glass on a 
thin-walled copper tube soldered into the metal 
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I)late. Most of the recent osmometer designs 
are essentially of this pattern. 

Carter and Record employed an all glass in¬ 
strument (Fig. 3) in which a mercury seal was 
used to prevent leakage between the membrane 
and the rather narrow clamping surfaces. The 




solvent level was in the horizontal capillary c, 
and provision was made for stirring the solution 
eleotromagnetically. The method of operation 
consisted in applying a series of measured air 
pressures to the solution, observing the rate of 
motion of the solvent meniscus at each pressure, 
and interpolating to find the pressure required 


to keep the meniscus stationary; this is the 
osmotic pressure of the solution. By this 
dynamic method it is possible to ol^tain the final 
result more rapidly than is usually ])08sible by 
the static method, although the latter is con¬ 
siderably accelerated if the liquid levels are set 
initially at approximately the equilibrium 
position. 

Whatever typo of osmometer is used, the most 
important factor in the succ^css of the measure¬ 
ments lies in the use of suitable mernbranes. 
Extremely satisfactory ones have been produced 
commercially by the Mfcmbrantilter G.m.b.H., of 
Gottingen; these are the “ Ullrafemjllter for 
aqueous solutions, and the “ Ultracella filter ” for 
non-aqueous solutions. W'hcn these are not 
availaldc, membranes may be prepared either 
by the controlled swelling of cellulose film {c,g., 
“ (U'llophane ”) or by the denitration of nitro¬ 
cellulose films. Carter and Record (l.c.) used 
the former method, }U(q)aring membranes of 



various degrees of permeability by swelling them 
in aqueous alcohol. By analysing the contents 
of the solvent chamber after each run they 
showed that the lower-molecular of the poly¬ 
saccharides with which they were working 
tended to diffuse slightly through all but the 
least permeable membranes; when this occurred 
the osmotic pressure measured v as lower than 
its true value. In measurements by the static 
method, this trouble is revealed by a slow drift 
of the pressure to progressively lower values, and 
can be confirmed by replacing the solution by 
fresh solvent, when a negative osmotic pressure 
is observed. 

As the permeability of the membrane is 
reduced in order to prevent diffusion of the 
polymer, the time required for osmotic equili¬ 
brium is increased. A new approach to the 
dilemma thus created was made by Fuoss ancl 
Mead, who used partly denitrated collodion 
membranes of quite high permeability. They 
express the view that a satisfactory membrane 





HO OSMO^riC PRESSURE. 


should be not only permeable to the solvent, but 
actually swollen by it. Under these conditions 
the polymer diffuses through the membrane, but 
at a rate which is sufficiently slower than that of 
the solvent for measurements to be completed 
before any significant amount of polymer has 
diffused. In this way they were able to measure 
the osmotic pressure within 20 minutes of filling 
the osmometer—a great saving of time as com¬ 
pared with other methods, although this advan¬ 
tage may be partly ofl’set by the difficulty of 
washing polymer out of the membrane subse¬ 
quently. The method has been compared with 
the standard static method by Bartovics and 
Mark {ibid. 1943, 65, 1901) and showed good 
agreement; it appears likely, therefore, to bo 
widely used in the future. 

(6) Interpretation of the Results .—It was shown 
in the first section of this article that van’t Hoff's 
law cannot be expected to hold generally for 



polymer solutions, but that it is necessary to 
extrapolate the data to infinite dilution, when 
the molecular weight can be calculated by means 
of equation (12). Adair (Z.c.) carried out this 
extrapolation for protein solutions by plotting 
c/i7 against c, but the statistical theory presented 
above suggests that the best plot would be nje 
against c, and that this should be nearly linear. 
This method has been now generally adopted, 
although the most accurate data seem to indicate 
a slight curvature away from the c axis, as shown 
in Fig. 4. Where data are available for several 
solvents it is found that the extrapolated values 
of Uje agree within experimental error, although 
the slopes may be widely different. For a given 
solvent, the curves obtained with polymers 
differing only in molecular weight are nearly, if 
not exactly, parallel (c/. Fig. 4). The extra¬ 
polation is greatly facilitated if the dependence i 
of Uje on c is small; it is usually possible to 
achieve this by a suitable choice of solvent, or i 


by the use of a mixture of solvent and non¬ 
solvent {cf. Gee, Trans. Faraday Soc. 1940, 86, 
1171). A useful guide to this choice is furnished 
by employing a solvent in which the polymer has 
a low intrinsic viscosity, and from which it is 
readily precipitated by addition of a non-solvent. 
In su<?h a solvent is large and the two terms 
in Co (equation (11)) approximately cancel. 

G. G. 

OSONES (?;. Vol. II, 293c). 

OSTWALD DILUTION LAW. The 

Osw^ald Dilution Law (Ostwald, Z. physikal. 
Chem. 1888, 2, 36) expresses the application of 
the Law of Mass Action to the reversible ionisa¬ 
tion of a weak electrolyte, and is usually ex¬ 
pressed in the form: 

a2C/(l~a)- K ... (1) 

where K is the “ classical ” ionisation, or dis¬ 
sociation, constant and a is the degree of dis¬ 
sociation. If this is obtained by means of the 
Arrhenius expression a^A/AQ (Arrhenius, ibid. 
1887,1. 631), where A and Aq are the equivalent 
conduef ivitic.s at concmitration C and zero, 
respectively, the equation becomes : 

A'^C/Ao(Ao~-A):r^K . . (2) 

which can bo rearranged in tlie form : 

AC-^-il/A)A^K-AoK . . (3) 

from which it can be seen that a plot of AO 
against 1/yl should bo a straight line. Tests of 
the equation with conductivity data on weak 
acids and bases yield a satisfactory degree of 
agreement with experiment, although systematic 
deviations are found, the more marked the 
stronger the electrolyte. 

These deviations are explained by the modern 
theory of electrolytes and are duo to two factors 
which are, in part, mutually cancelling in their 
effect. The first of these factors is the variation 
of ionic mobility with ionic strength (see 
Onsager Equation, this Vol., p. 94c), so that 
the true degree of dissociation is given, not by 
the Arrhenius expression, but by a^AJAx, where 
Ax is the sum of the ionic mobilities at the con¬ 
centration to which the value of A relates. Ax 
may be calculated by means of the Onsager 
equation (Z.c.) or by reference to conductivity 
data for relevant strong electrolytes, use being 
made of the Kohlrausch law of independent 
migration of ions. Thus, for a weak acid, HA, 

^^NaA~ "^NaCl 

where the various A values all relate to the same 
ionic concentrations as 

The second factor is the failure of the Law of 
Mass Action when the equilibrium quotient is 
expressed in terms of concentrations. The law 
holds rigidly only when the concentrations are 
converted to activities by multiplying them by 
the proper activity coefficients. Since it is im¬ 
possible separately to evaluate individual ionic 
activity coefficients, and since in dilute solutions 
the activity coefficient of an unionised solute 
may be taken os unity within close limits of 
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accuracy, the Ostwald Dilution Law expressed 
in the form; 

Jl{C^ICu)==K ... (4) 

where is the mean ionic activity coefficient, 
Ci^C{AlAx) is the true ionic concentration and 
Cu—C~Ci is the concentration of unionised 
solute, is the most accurate representation of 
mass-action law available for weak electrolytes 
in dilute solution. Values of the mean ionic 
activity coefficient may be obtained by means of 
the Dobyc-Huckel activity equation (Debye and 
Hiiokel, Physikal. Z. 1923, 24, 185) which, in its 
simplest form, is --log/i=A\/(7,:, where A is a 
constant, which, for a uni-univalent electrolyte 
in water at 25°c., has the value 0’5{)56. 

This modification of the Dilution Law pro¬ 
vides the means for the determination of true 
“ thermodynamic ” dissociation constants, the 
equation: 

log log K'—2Ay/Ci . (5) 

where K'—Ci^jCu, being applied, usually 
graphically. Information is re(piired as to the 
value of Aq (or of \ alues of Ax) and this is obtain¬ 
able, in the case of the study of the strengths of 
weak acids, from conductivity measurements on 
solutions of the sodium salts. In certain cases, 
however, these independent data may not be 
available, and it is then necessary to solve the 
conductivity data on the weak electrolyte 
directly for K. Various methods have been 
proposed for this purpose, based on the assump¬ 
tion that in very dilute solution the conductivity 
is completely defined by the Ostwald Dilution 
Law, the Onsager ionic mobility equation, and 
the Debye-Hiickel activity equation (Fuoss and 
Kraus, J. Amer. (Aicm. Soc. 1933, 65, 476; 
Tuoss, ibid. 1935, 57, 488; Ives, J.C.S. 1933, 
731; 1943, 511; Shedlovsky and Uhlig, J. Gen. 
Physiol. 1934,17, 549; Shedlovsky, J. Franklin 
Inst. 1938, 225, 739). 

The extension of the modified Dilution Law’ to 
solutions stronger than about 0-01 molar is not 
facilitated by the use of extended forms of the 
Onsager or Debye-Hiickel equations because of 
the intervention of “ medium effects,” due to the 
accumulation of unionised solute in the solution, 
which appreciably modifies its electrical and 
other physical properties. 

D. J. G. I. 

OTAVITE. Carbonate of cadmium, 
CdCOg (Cd 61-5%), isomorphous with calcite, 
and one of the two minerals containing cad¬ 
mium as an essential constituent (v. Grekn- 
OCKITE, Vol. VI, 136d). It forms white to 
reddish crystalline crusts of minute curved 
rhombohedra with a brilliant lustre. It is 
found in small amount, together with green- 
ockite, malachite, cerussite, etc., lining cavities 
in the oxidation zone of the deposits of copper 
ore at Otavi in South-west Africa (Ramdohr 
and Strunz, Zentr. Min. 1941, A, 97). 

L. J. S. 

OUABAQENIN, OUABAIN, OUA- 
BA IO TREE (v. Vol. U, 386a). 

OVERPOTENTIAL. When an ionic 
species is. discharged at an electrode at an 
appreciable rate, the electrode potential may be 
displaced from the reversible value observed 


with no current flowing. In such a case the 
electrode is said to be polarised and to exhibit an 
overpotential or overvoltage. The total over¬ 
potential is defined as the potential difference 
between such a working electrode and a similar 
reversible electrode in the same solution. It 
may be made up of contributions from two 
distinct effects: 

(a) A potential diffcTenee duo to changes in 
concentration of the ionic species near the elec¬ 
trode as a result of electrolysis; this is usually 
referred to as concentration polarisation. 

(b) A potential difference due to thermo¬ 
dynamic irreversibility in the electrode process ; 
this is the factor generally implied when the term 
overpotential is used without qualification, and 
it is sometimes distinguished as ae-tiration over- 
polential. 

CONCFNIT.ATION PC LARISATION. 

Owing to the discharge of ions at a working 
electrode, their concentration in the solution 
immediately adjacent to the electrode tends to 
diminish. This tendency is opposed by the 
bringing up of ions to the electrode by diffusion, 
convection, and migration, and a steady state 
is eventually reached when a concentration 
gradient has been established and the ionic con¬ 
centration at the electrode surface has an 
equilibrium value {Cp) less than the value {€) in 
the bulk of the solution. As a result, according 
to the Nernst equation, the reversible potential 
of the working electrode is changed by an 
amount: 

,P=i:(«r/«J?)loge(C,/C) . (1) 

where n is the valency of the ions concerned, 
and It, Ty and F have their usual significance. 
As the reference electrode is usually situated at 
such a distance as not to be affected by these 
local concentration changes, w^ill be included 
in the measured total potential difference and 
constitutes the concentration polarisation or 
concentration overpotential. 

Concentration polarisation is liable to occur 
with all electrode processes. Its magnitude and 
dependence on experimental variables are best 
considered by reference to the concept of the 
diffusion layer. It may be supposed, as a first 
approximation, that the w^orking electrode is 
covered by a layer of solution of definite thick¬ 
ness across which there exists a linear concentra¬ 
tion gradient, and within which convection is 
negligible. Application of Fick’s Law to the 
diffusion of the relevant ionic species of diffusion 
coefficient D gives: 

Rate of diffusion in g.-ions per day 

=AD{C-Ce)lb ... (2) 

where 8 is the thickness of the layer, A its area 
(equal to the area of the electrode), and C and 
Ce are the boundary concentrations in g.-ions 
per c.c. If I is the current density in amp. per 
sq. cm., it follows that on equating the rate of 
discharge of the ions to the quantity of elec¬ 
tricity passed per second, the relation; 

AD(C-Ge)»F/86,4008»/A . (3) 
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is obtained, and this on simplification gives: 

7)(C~CV)WS-0-895/ . . (4). 

whence: 

Ce^C-O^QC^niDn . . (5) 

Substitution of this viilue in equation (J) gives 
the relation 

77^.=-J_(i?T/nF) logo {l-(0-895/8/i)nC)} (fi) 

From equation (6) it is immediately apparent 
that concentration polarisation will be minimised 
by a high diffusion coefficient, valen(‘y, and bulk 
concentration of ion concerned, whereas its 
magnitude will be increased by a high current 
density (C.D.) and conditions which favour a 
thick difi'uaion layer. In an unstined solution 
at room temijerature for a given set of con¬ 
ditions 6 appears to have a fairly constant value 
of some 0 02-0 05 cm.; it is decreased appre¬ 
ciably by rise of temperature and very con¬ 
siderably by agitation, and both these factors 
therefore tend to reduce concentration over- 
potential. It is seen from equation (6) that for 
a given set of conditions, there exists a limiting 
value of I at which the concentration over¬ 
potential may become infinitely largo when the 
second term in the bracket approaches unity. 
This is termed the limiting C.D. for the process 
considered, and corresponds to a state of aflairs 
in which 6V at the electrode surface approaches 
zero; further increase of C.l). will then cause 
the potential to change to such a value that 
another electrode process can occur. From 
equation (6) it is apparent that the limiting C.l). 
is given by the relation : 

/lim =2 )C?i/0'8958 . . (7) 

and if 8 is given the common value of 0-05 cm., 
this reduces to /iini.^-22-37)('w for an unstirred 
solution at room temperature. In the above 
discussion, the migration of the ionic species to 
the electrode has been ignored, and the argu¬ 
ment therefore only applies strictly to a solution 
in which the bulk of the current is carried by 
other indifi'erent ions. Where this is not so, the 
conclusions reached will still apply in a general 
way, but the migration of the ions which are 
discharged will tend to reduce concentration 
polarisation and the onset of limiting current 
conditions will bo less sharply defined. 

With concentrated well-stirred solutions of 
simple salts, concentration overpotential is 
usually very small except at extremely high 
C.D’s., and in general it may be said that up to 
C.D’s. of the order of one-tenth of the limiting 
value for any given set of conditions, concentra¬ 
tion overpotential will be less than 1 centivolt. 
If, however, the substance to be fi berated at the 
electrode is present in the solution as a complex 
ion in equilibrium with a very low concentration 
of simple ion, the latter being discharged, the 
position is rather different. In this case the 
limiting C.D., which is controlled by diffusion 
of the complex ion, may be quite high, but the 
electrode potential is governed by the minute 
concentration of simple ion, and this may be 
markedly affected by electrolysis even at very 


low C.D’s., particularly if the dissociation of the 
complex ion is slow ; hence considerable con¬ 
centration polarisation may develop at relatively 
low C.D’s. Abnormal concentration polarisation 
of this kind is frequently observed in the electro- 
deposition of metals from cyanide solutions (cf. 
Foerster, Z. Elektrochem. 1907, 13, 561; Glas- 
stone, J.C.S. 1929, 690, 702). 

ACTIVATION OVERPOTENTIAL. 

The dischaige of most ions in electrolysis 
occurs reversibly, and any ovorpotential ex¬ 
hibited is limited to the concentration polarisa¬ 
tion discussed above. In a relatively few cases, 
however, there appears to be some irreversibility 
inherent in the electrode process, and the dis¬ 
charge potential may be wfidely difi'erent from 
the roversiblo value. The main reactions in 
which this is conspicuously showm are the 
cathodic liberation of hydrogen, the anodic 
evolution of oxygen, and the electrodeposition 
of nickel, iron, and cobalt. Of these, the 
cathodic liberation of hydrogen has been most 
closely investigated and will be considered at 
some length. 

Hydrogen OvERroTENTiAi.. 

History.—Early observations on the poten¬ 
tials at which hydrogen is liberated at cathodes 
w^ere made by I’irani (Ann. Phys. Chem. 1884, 
[iii], 21, 68) and Le Blanc (Z. physikal. Chem. 
1891, 8, 299), but the subject was first systemat¬ 
ically studied by Caspar! (iln'd. 1899, 80, 89). He 
noted the potentials at which visible hydrogen 
evolution first occurred for a number of cathodes 
in dilute sulphuric acid, and found that in all 
cases these w^ere more negative than the re¬ 
versible hydrogen potential; the difference 
between the potential at which gas evolution was 
first observed and the reversible value he termed 
the “ Gbersparmung ” or overpotential of the elec¬ 
trode, and he found it to be very markedly 
dependent on the nature of the cathode material, 
varying from about 0*005 v. for platinised plati¬ 
num to 0*78 V. for mercury. Tafel {ibid. 1905, 
50, 641) developed the concept of overpotential 
by measuring the difference of potential between 
! a reversible hydrogen electrode and a cathode at 
which hydrogen was being liberated at a definite 
C.D., and this convention has been adopted in 
nearly all later work. It is improbable that the 
potential at which visible gas evolution com¬ 
mences has any fundamental significance, since 
it will depend upon incidental experimental 
factors; for a time it was characterised as the 
“ minimum ” overpotential, but the utility of 
the concept is doubtful and it has gradually 
been abandoned. Since the work of Tafel, some 
scores of investigations of hydrogen over- 
potential have been made, and the subject, both 
on the experimental and theoretical sides, is one 
of considerable complexity and controversy. 

Measurement. —Hydrogen overpotential is 
usually determined by measuring the potential 
difference between a cathode, which is being 
polarised at a constant C.D. in a well-buffered 
solution, and a reversible hydrogen or other 
reference electrode immersed in or connected 
electrolytically to the same solution. At low 
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C.D.’s elaborate precautions must bo taken to 
remove oxygen or other cathodic depolansors 
which may be present in the solution (for general 
technique, see Baars, Sitzungsber. Ges. Beford. 
Naturwiss. Marburg, 1928, 213); at C.D’s. 

of 10~^ amp. per sq. cm. and upwards the effect 
of dissolved oxygen is generally negligible (Hick- 
ling and Salt, Trans. Faraday Soc. 1941, 37, 
319). The overpotential is usually found to 
change with time, and some convention must be 
adopted in this respect; in some recent work, 
the steady values ultimately attained on pro¬ 
longed electrolysis have been taken. Two 
different general methods of measuring the 
potential difference have been employed, the 
direct method and the coinninUitor method. In 
the direct method the e.m.f. of the combination 
of working and reference electrodes is measured 
while the polarising current is flowing, whilst 
in the commutator method the current is 
momentarily interrupted by mechanical or other 
means. The commutator method was intro¬ 
duced to eliminate any error which may bo in¬ 
cluded in the measured potential difference due 
to ohmic! drop of potential in the electrolyte 
between the w'orking and reference electrodes. 
With suitable eleedrode arrangements, any such 
“ resistance error ” is probably negligible up to 
C.D.’s of the order of 10~^ amp. per sq. cm., and 
provided allowance is made by extrapolation for 
the rapid decay of hydrogen overpotential on 
iuterrujjtion of the current, both methods give 
closely similar results at low' C.D.’s. At high 
C.D.'s the commutator methods usually give 
appreciably low'cr values of overpotential than 
are obtained by the direct method. (Consider¬ 
able controversy exists as to the relative applic¬ 
ability of dirc('t and commutator methods at 
high C.D.’s; for recent review papers and 
references to the extensive literature, see Hick- 
ling, ibid. 1937, 33, 1540; Ferguson, Trans. 
Electrochem. Soc^. 1939, 76, 113.) 

Results.—Considerable difficulty is en¬ 
countered in obtaining reproducible values of 
hydrogen overjiotcntial at most cathodes, owdng 
probably to uncontrollable variations in the sur¬ 
faces of the electrodes. Published values have, 
therefore, a relative rather than an absolute j 
significance, but it has been possible to establish 
the influence of various factors. 

The most striking feature of hydrogen over¬ 
potential is its marked dependence upon the 
7iature of the electrode ynaterial ; in general, metals 
of low melting-point have high overpotentials 
and vice versa (Mott, ibid. 1909, 15, 569). Below 
are given comparable values for a number of 
metals in N. hydrochloric acid at a C.D. of 1 
milliamp. per sq. cm. at 18®c. ( Hickling and 8alt, 


Trans. Faraday Soc. 1940, 36, 1226). 


Hg . . 

. 1-04 V. 

Ag . . 

046 V. 

Cd . . 

. 0-99 V. 

Fe . . . 

0 40 V. 

Pb . . 

. 0-91 V. 

Ni . . . 

0-33 V. 

Sn . . 

. 0-85 V. 

W . . . 

0-27 V. 

Bi . . 

. 0-69 V. 

Pt . . . 

0-25 V. 

Al . . 

. 0*68 V. 

Au . . 

017 V. 

Cu . . 

. 0-60 V. 

Platinised Pt 

001 V. 


The physical state of the cathode surface is also 
important, a roughened electrode ha ving a lower 
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overpotential than a smooth one ,of the same 
material and size. 

Hydrogen overpotential increases slowly with 
I rise of current density, and over a considerable 
range {ca. 10“® to 10“^ amp. per sq. cm.) the 
connection is a logarithmic one and is usually 
expressed by Tafcl’s equation rj—a-i-b log 1, 
where t] is the oveipotential, I the C.D., and a 
and b are constants depending on the nature of 
the cathode material and the temperature. For 
a number of metals b has a value of about 0*1 at 
room temperature, so that the overpotential 
increases by approximately 0-1 v. for each ten¬ 
fold increase in C.D.; but in general b shows 
wide variations, for instance from 002 for 
platinised platinum to about 0-3 for lead. (Tlio 
value of b is of considerable theoretical im¬ 
portance ; for lists of values and discussion of 
them, see Bowden and Agar, Chem. Soc. Annual 
Rep. 1938, 35, 90; Glasstone, ibid. 1937, 34, 
107 ; N. K. Adam, “ The Physics and Chemistry 
of 8urfaces,” Oxford, 1941, p. 325; Hickling 
and 8alt, Trans. Faraday 8oc. 1940, 36, 1234.) 
The investigation of overpotential at C.D.’s 
below 10“® amp. per sq. cm. is difficult, since the 
influence of minute amounts of depolarisers is 
very great, but it has been claimed that Tafol’s 
(•(piation holds for a mercury cathode downi to 
10“^® amp. j)er sq. cm. {see Bowden and Agar, 

I. C.), w'hile for catalytically active metals such as 
platinum it has been suggested that there is a 
linear relation between rj and I at very low 
C.D.’s (Butler and Armstrong, ibid. 1932,28,380 ; 
Volmer and Wick, Z. physikal. Chem. 1935, 172, 
429). The study of overpotential at high C.D’s., 
above 10“'^ amp. per sq. cm., involves many 
experimental difficulties. It has been claimed 
that Tafel’s equation holds up to C.D’s. of well 
over 1 amp. per sq. cm. (Kabanov, Acta Physico- 
chim. U.R.S.S. 1936, 5, 193; see also Frumkin, 
ibid. 1943, 18, 23), but investigation by a 
modified commutator method suggests that at 
C.D’s. of this order the overpotential tends in 
many cases to approach a specific constant value 
for each metal (Hickling and Salt, Trans. 
Faraday Soc. 1940, 36, 1226). 

Tafel {l.c.) noted that the overpotential of 
most cathodes tends to rise with time of 2 )olari 8 a- 
tion, and this has been confirmed by many 
subsequent workers. Mercury, tungsten, and 
platinised platinum give overpotentials which 
reach constant values within a very short time 
of the start of electrolysis; most common 
metals attain overpotential equilibrium within 
about 1 hour, but with platinum, palladium, and 
iron the potentials may increase for several 
hours ; with electrodeposited metals these times 
are usually reduced. On very prolonged elec¬ 
trolysis, roughening of the cathodes may cause a 
decrease of hydrogen overpotential. 

A large number of investigations of the effect 
of hydrogen-ion concentration on overpotential 
have been made (see, e.g., Tafel, l.c. ; Glasstone, 

J. C.S. 1924, 125, 2646 ; Sand, Grant, and Lloyd, 
ibid. 1927, 378; Bowden, Trans. Faraday Soc. 
1928, 24, 473; Proc. Roy. Soc. 1929, A, 126, 
107; Lloyd, Trans. Faraday Soc. 1929, 25, 625 ; 
Lewina and Zarinski, J. Phys. Chem. U.S.S.R. 
1937, 9, 621; lofa, Acta Physicochim. U.R.S.S. 
1939, 10, 903 ; Hiolding and Salt, Trans. Faraday 
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Soc. ,1941, 37, 333), and while the results are 
not completely satisfactory, the bulk of the 
evidence seems to indicate that in -well-buffered 
solutions the over potential is practically in¬ 
dependent of the pH, provided this is not too 
high. The influeuoo of the nature of the solvent 
on hydrogen overpotential has been investigated 
by measurements in methyl and ethyl alcohols, 
acetic acid, ethylene glycol, cycZohexanol, and 
liquid ammonia (Carrara, Z. physikal. Chem. 
1909, 69, 75; Swann and Edelmann, Trans, 
Electrochem. Soc. 1930, 68, 75; Lewina and 
Silberfarb, Acta Physicochim. U.R.S.S. 1936, 4, 
275 ; Novoselski, J. Phys. Chem. U.S.S.R. 1938, 
11, 369; Plcskov, Acta Physicochim. U.R.S.S. 
1939, 11, 305; Hickling and Salt, Trans. Fara¬ 
day Soc. 1941, 37, 224); again the results are 
not in complete agreement, but in general it 
appears that the ovorpotential varies with C.l). 
in a manner similar to that observed in acpieous 
solution, and the absolute values of ovor¬ 
potential are not substantially different. 

The influence of temperature on overpotential 
has not been investigated very fully, and the 
published results are often unreliable on account 
of changes in the electrode surface during the 
course of measurement. So far as the position i 
can be summarised, it would appear that for I 
high-overpotential metals such as mercury and 
lead the temperature coefficient is some —0*002 
to —0*003 V. per degree, wliile for low-over¬ 
potential metals it is very much smaller (c/. 
Rideal, J. Amer. Chem. Soc. 1920, 42, 94; 
Knobel and Joy, Trans. Electrochem. Soc. 1923, 
44, 443 ,* Bircher and Harkins, J. Amor. Chem. 
Soc. 1923, 45, 2897; Westrip, J.C.S. 1924, 125, 
1112; Glasstone, ibid., p. 2651; Harkins and 
Adams, J. Physical Chem. 1925, 29, 205; 
Bowden, Proc, Roy. Soc. 1929, A, 126, 107; 
Kobosew and Nekrassov, Z. Elektrooliem. 1930, 
36, 529; Hickling and Salt, Trans. Faraday Soc. 
1941, 37, 333). Early experiments on the effect 
of pressure on hydrogen overpotential led to un¬ 
certain results, but recent work seems to indicate 
that overpotential decreases slightly with in¬ 
crease of pressure (see, e.^., Cassel and Krumbein, 
Z. physikal. Chem. 1935, 171, 7; Schischkin 
et at., Z. Elektrochem. 1934, 40, 713, 724; 1936, 
42, 631, 693; Schmid and Stoll, ibid. 1941, 47, 
360). 

Catalytic poisons, such as arsenious oxide, in 
general increase hydrogen overpotential (Volmer 
and Wick, Z. physikal. Chem. 1935, 172, 429; 
von Nd-ray-Szabo, Naturwiss. 1937, 26, 12; 
Hickling and Salt, Trans. Faraday Soc. 1941, 37, 
333), as also does the presence of some colloidal 
substances, such as gelatin or gum arabic, which 
are often used as addition agents in electro¬ 
plating baths (Marie, Compt. rend. 1908, 147, 
1400; Pring and Tainton, J.C.S. 1914, 105, 710; 
Isgarischev and Berkmann, Z. Elektrochem. 
1922, 28, 47; Westrip, J.C.S. 1924, 126, 1112). 
Substances which affect the surface tension of 
water usually have some influence on over- 
potential, but no general relation has so far been 
deduced {see, e.g., Thiel and Breuning, Z. anorg. 
Chem. 1913, 83, 329; Glasstone, Trans. Faraday 
Soc. 1925, 21,36 ; Onoda, Z. anorg. Chem. 1927, 
165, 93). 

The rate of attainment of hydrogen over¬ 


potential in the first fraction of a second after 
switching on the polarising current has been very 
fully investigated at a mercury cathode (Bowden 
and Rideal, Proc. Roy. Soc. 1928, A, 120, 59; 
Baars, l.c.; Brandos, Z physikal. Chem. 1929, 
142, 97; Erdey-Gruz and Volmer, ibid. 1930, 
150, 203 ; Erdey-Gruz and Kromrey, ibid. 1931, 
157, 213; Hickling, Trans. Faraday Soc. 1940, 
36, 364; Barclay and Butler, ibid. 1940, 36, 
128). It has been established that in this initial 
growth, the potential varies linearly with quan¬ 
tity of electricity passed. This seems to imply 
that the rate-determining process in the build-up 
is the charging of a double layer; recent measure¬ 
ments give an average value of about 20 micro¬ 
farads per sq. cm. for the double layer capacity 
at a mercury cathode in pure acid solutions (see 
Bowden and Agar, l.c.). The decay of hydrogen 
overpoteidial on interruption of the polarising 
current has been studied by a number of in¬ 
vestigators {see, e.g., Baars, l.c. ; Armstrong and 
Butler, Trans. Faraday Soc. 1933, 29, 1261; 
Ferguson, Trans. Electrochem. Soc. 1939, 76, 
113; Hiclding and Salt, Trans. Faraday Soc. 
1941 ,37, 450). Two distinct processes appear to 
be involved in the decay. One, which becomes 
operative only at C.D’s. greater than lO"^ amp. 
per sq. cm., leads to a rapid drop of potential in 
the first thousandth of a second, and depends 
primarily upon the polarising C.l). used. The 
second, which occurs at all C.U’s., leads to a 
slower decay of overpotential, and follows a 
course such that the overpotential ultimately 
becomes proportional to the logarithm of the 
time; when this state is reached the rate of 
decay depends solely upon the nature of the 
electrode material. 

It has been reported that superimposed 
alternating and high frequency currents decrease 
hydrogen overpotential {see, e.g., Rothmund and 
Lessing, Ann. Physik, 1904, [v], 16, 193; Ban¬ 
croft, Trans. Electrochem. 8oc, 1916, 29, 309; 
Glasstone, J. Amer. Chem. Soc. 1925, 47, 940; 
Harkins and Adams, l.c.; Halla, Z. Elektro- 
chom. 1929, 35, 838; this last paper gives very 
full references to the extensive literature). In 
the latter case, however, it has been shown that 
the effect is not primarily on the overpotential, 
but leads to an increase in the rate of diffusion of 
dopolarisers to the cathode, with consequent 
diminution in the effective polarising C.D. 
(Glasstone and Reynolds, Trans Faraday Soc. 
1932, 28, 582 ; 1933, 29, 399). 

Measurements of the overpotential of de uterium 
show that it is definitely higher than that of 
hydrogen under comparable conditions (Bowden 
and Kenyon, Nature, 1935, 135, 105; Heyrovsky 
and Miiller, Coll. Czech Chem. Comm. 1935, 7, 
281), and it is considered that this factor is 
operative in the separation of the isotopes by 
electrolysis. Any theory of hydrogen over¬ 
potential should therefore account for the 
separation coefficients at different cathodes, 
though it may be noted that there is no very 
obvious parallelism between these and the 
observed hydrogen overpotentials (Euoken and 
Bratzler, Z. physikal. Chem. 1936, 174, 279). 

Theories of Hydrogen Overpotential.—In 
spite of much investigation, there is no general 
agreement as to the origin and mechanism 
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of hydrogen overpolontial. In passing from 
hydrogen ions in solution to ordinary gaseous 
hydrogen molecules a number of consecutive 
steps must occur. If any one of these steps is 
slow, it will cause the cathode to become 
polarised, and an overpotential is to bo expected. 
Current theories suggest two alternative loca¬ 
tions for this “ bottleneck ” : 

(tt) The initial discharge of the hydrogen ion— 
a process which also involves its dehydration or 
desolvation, proljably 

HgOHc -> H+HgO. 

(6) The combination of atoins to give mole¬ 
cules 

2H Mg. 

Tlie idea that the discharge of an ion might be 
a slow process, initially suggested by A. 8mits 
(“ Theory of Allotropy,” Longmans, 1922, p. 115; 
Z. Eloktrochem. 1924, 30, 214), first attracted 
favourable attention when developed mathe¬ 
matically from different standpoints by Erdey- 
Griiz and Volmcr (Z. phyaikal. Chem. 1930, 150, 
203)and by Gurney (Proc. Roy. 8oc. 1931, A, 134, 
137), and it has been adopted in some form in 
recent years by many workers. In general terms 
the view postulates that an energy barrier exists 
between the electrons in the cathode and the 
hydrogen ions to be discharged, and that for 
electrolysis to occur at an ajypreciable rate an 
excess potential or overpotential is therefore 
required. This fundamental idea has been 
developed in a variety of ways (see, e.g.y Fowler, 
Trans. Faraday Soc. 1932, 28, 368; Butler, 
ibid. 1932, 28, 379; Proc, Ro^^ 8oc. 1936, A, 
157, 423; Iloriuti and Polanyi, Acta Physico- 
chim. U.R.S.8. 1935, 2, 505; Frumkin, ibid. 
1937, 7, 475 ; J. Phys. Cliom. U.S.S.R. 1937, 10, 
568; Hammett, Trans. Faraday Soc. 1933, 29, 
770; Eyring, Glasstono, and Laidler, Trans. 
Electrochem. Soc. 1939, 76, 145; J. Chem. 
Physics, 1939, 7, 1053), and so far as the position 
can be summarised briefly it may be said that 
the theories based on it explain directly the fact 
that in its initial growth the hydrogen over¬ 
potential is directly proportional to the quantity 
of electricity passed, and they permit the deduc¬ 
tion of a relation between overpotontial and 
C.D. of the same form as Tafel’s equation, b 
being given the value 2 ’^2RTIF), i.e., 0*12 at 
room temperature, which is in approximate 
agreement with the values observed for a 
number of metals. The theories have not in 
general, however, provided any detailed ade¬ 
quate explanation of the effect of other factors, 
such as the influence of electrode material, time, 
temperature, solvent, catalytic poisons, etc., and 
the initial postulate on which the theories are 
based has itself been adversely criticised. 

The alternative view, that the rate-deter¬ 
mining process responsible for hydrogen over- 
potential is the combination of hydrogen atoms 
to give molecules, appears to have originated 
with Tafel {l.c.). In its simplest form the theory 
suggests that since the rate of combination of 
hydrogen atoms to give molecules is relatively 
slow, there* will bo a minute pressure of atomic 
hydrogen at the working cathode, and from 
energy considerations it can be shown that this 
VoL. 


will give rise to a potential substantially more 
negative than the reversible hydrogen value, 
i.e., an overpotential will occur. Those metals 
which are good catalysts for the combination of 
hydrogen atoms might then bo expected to show 
low ovorpotentials and vice versa, and indeed 
Bonhoeffor (Z. pliysikal. Chem. 1924, 113, 199) 
has shown experimentally that the order of in¬ 
creasing catalytic effectiveness for a number of 
metals is parallel to that of decreasing over- 
potcntial. Atomic hydrogen theories therefore 
start from a firm experimental basis, and they 
give plausible qualitative explanalicais of a wide 
range of cathode phenomena, e.g., influence of 
catalytic poisons, diffusion of cathodic hydrogen 
through metals, electrolytic reduction, etc., but 
early attempts to develoy^ them quantitatively 
led to disappointing results ; thus they gave an 
equation of the same form as Tafel’s equation 
but with the low value of 2-3(/lT/2F), i.e., 0 029 
at room temperature, for b. Now versions of the 
atomic hydrogen view have, however, been put 
forward in recent years in which attempts are 
made to allow for the undoubtedly complex gas- 
metal adsorption equilibrium at the electrode 
surface, and close quantitative agreement with 
experimental results has been claimed {see, e.g., 
Baars, l.c.; Kobosew and Nekrassov, Z. Elektro- 
chem. 1930, 36, 529; Hickling and Salt, Trans. 
Faraday Soc. 1942, 38, 474). 

OxV(iEN OVERl’OTENTIAL. 

Although a satisfactory, reversible oxygen 
electrode cannot be set up experimentally, its 
theoretical potential relative to hydrogen can be 
calculated thermodynamically. When this theo¬ 
retical potential is compared with the actual one 
at which oxygen is being evolved at an anode, an 
overpotential, depending on the nature of the 
anode material, is invariably revealed. Thus 
Coehn and Osaka (Z, aiiorg. Chem. 1903, 34, 86) 
measured the potentials at which oxygen evolu¬ 
tion commenced on a number of metallic anodes 
in N. potassium hydroxide solution against a 
reversible hydrogen electrode, and, taking the 
c.m.f. of the reversible hydrogen-oxygen cell as 
1-22 v., their results give the oxygon over- 
potentials shown below. 


Au . 

. . 0-53 V. 

Cu . . 

0-26 V. 

Pt . 

. 0-45 V. 

Fe . . . 

0-25 V. 

Pd . 

. . 0-43 V. 

Platinised Pt 

0-25 V. 

Cd . 

. . 0-43 V. 

Co . . 

014 V. 

Ag . 

. 0-41 V. 

Ni . . . 

013 V. 

Pb . 

. . 0-31 V. 

Spongy Ni 

0-06 V. 


Data on the influence of experimental factors on 
oxygen overpotential arc relatively few and of 
doubtful reliability owing to experimental diffi¬ 
culties, in particular the marked upward drift of 
overpotential with time of polarisation. From 
the Hmited observations which have been made 
{see, e.g., Foerster and Piguet, Z. Elektrochera. 

1904, 10, 714; Westhaver, Z. physikal. Chem. 

1905, 51, 66 ; Foerster, ibid. 1909, 69, 236, 

Newbery, J.C.S. 1916, 109, 1066; Knobel, 
Caplan, and Eiseman, Trans. Electrochem. Soc. 
1923, 55; Bowden, Proc. Roy. Soc. 1929, A, 

126, 107; Garrison and Lilly, Trans. Electro¬ 
chem. Soc. 1934, 65, 275), it appears that oxygen 
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overpotential increases with rise of C.D., and the 
relation may be similar to Tafel’s equation for 
hydrogen ovorpotential, although this cannot yet 
be regarded as established. Increase of tempera¬ 
ture decreases oxygen overpotential, the tem¬ 
perature coefficient at platinum being some 
—0-002 to — O-OO-t V. per degree. It has been 
reported that the overpotential is indoiKindent 
of hydrogen-ion concentration in acid solution, 
and decreases with increasing pH in alkaline 
solutions (Bowden and Agar, Z.c.), but further 
investigation would seem to be dc'sirable. The 
presence of fluorides definitely increases oxygiui 
overpotential at unattackable anodes in both 
acid and alkaline solutions (Midler, Z. Elektro- 
ehem. 1904, 10, 780; Isgarischev and Stepanov, 
ibid. 1924, 30, 138). It has been stated that 
oxygen overpotential is rcdut-cd by superim¬ 
posed alternating current {see, e.g., Grubo and 
Bulk, ibid. 1918, 24, 237 ; Glasstont'., J. Amcr. 
Chem. 8oc. 1925, 47, 940), and by light and X- 
rays (Grubc and Baurneister, Z. Elektrochem. 
1924, 30, 322; Bowden, Trans. Faraday 8oc. 
1931, 27, 505 ; Duelaux, Compt. rend. 1935, 200, 
1838), but fuller investigation seems to be 
required before the exact significance of these 
results can be assessed. 

As for hydrogen, current theories of oxygen 
overpotential fall into two categories, based on 
the alternative suggestions that the discharge 
of hydroxyl ions is a slow process requiring an 
energy of activation, or that oxygon arises 
through the intermediate formation of anodic 
products (e.gr., atomic oxygen, unstable oxides, 
etc.) which are considered to be electromotively 
more active than ordinary gaseous oxygen. 
Pending more thorough experimental investi¬ 
gations, such speculations would api)ear some¬ 
what premature. 

ELECTiiODErosmoN Overpotentials. 

If concentration polarisation is avoided, most 
metals are found to deposit from simple salt 
solutions at potentials very (‘lose to the reversible 
values. With the transition elements iron, 
cobalt, and nickel, however, substantial over¬ 
potentials are observed even at very low C.B’s. 
(Schweitzer, Z. Elektrochem. 1909, 15, 602; 
Schildbach, ibid. 1910, 16, 967; Foerster, Abh. 
Bunsen-Ges. 1909, No. 2; Glasstone, J.O.S. 
1926, 2887; Foerster and Georgi, Z. physikal. 
Chem., Bodenstein Festband, 1931, 453). This 
is shown by the following figures comparing the 
reversible and deposition potentials of the three 
metals in n. solutions of their sulphates (Qlas- 
stone, I.C.). 



Reversible^ 

potential, 

V. 

Deposition potential, v. 

15^0. 

55°C. 

95“o. 

Iron 

-0-46 

-0-68 

-0-49 

-0.46 

Cobalt . 

-0-28 

-0-66 

-0-46 

-0-36 

Nickel . 

-0*23 

-0*67 

-0-43 

-0-29 


It is seen that the overpotentials are very con¬ 
siderably reduced by rise of temperature, and 


this seems definitely to indicate that the pcilari- 
sation is due to some slow, rate-determining 
stage in the electrode reaction. It has been 
suggested that this may be the initial discharge 
of the ions (sec, c.g., Foerster, Z. Elektrochem. 
1916, 22, 85; Then, Compt. rend. 1933, 197, 
1312), the conversion of an unstable form of the 
metal initially deposited into the stable form 
(see, e.g., Kohischiitter, Trans. Electrochom. Soc. 
1924, 45, 229 ; Glasstone, Z.c.), or the incorpora¬ 
tion of th(^ metal ions when (lischarged into th(j 
crystal lattice (Erdey-Gruz and Volmer, Z. 
physikal. Chem. 1931, 157, 165; see also Hunt, 
Trans. Electrochom. 8oc. 1934, 65, 413); many 
of the theories attribute an important retarding 
role to the hydrogen gas which usually accom¬ 
panies the electrodcposition of these metals. In 
the present state of the subject it does not seem 
possible to reach a definite conclusion. 

Bihlioorapiiy. 

I'he literature conceruhig electrode p{darisation 
phenomena is very extensive. For an account of early 
work witii fiiil refcrciiceH, ,svc F, Foersb-r, “ Elcktrc)- 
chemie wiisscriger IjOsutiKcn/’ Ja'ipzifj. 1022, Chap. IX. 
For recent reviews from diflcu'ent standpoints, see 
N. K. Adam, “ FIiysi<-s and (hemistry of Surface.s,” 
Oxford, 104J, Chap. VIll ; Bowden and Asar, Chem. 
Soc. Annual 1088, 35, 90 ; J. A. V. Butler, 

“ Klectrocapillarity,” Methuen, 1940, Chaps. VI and 
VJl ; 8. trlasstone, " Electrochemistry of Solutions," 
Methuen, 1937, Chaj)8. XVl-XX. 

A. H. 

OXALIC ACID. 

COOH 



The mono-potassium salt of this acid occurs 
in many plants, e.g., wood-sorrel, garden- 
rhubarb. The calcium salt is found in plants 
and urinary calculi, while the free acid is present 
in beet leaves and Forn^es {Polyporus) igniarius. 
Oxalic acid is also produced in the oxidation of 
carbohydrates by a large number of bacilli and 
by the action of many fungi and yeasts. 

Preparation. 

1. Moissan synthesised potassium oxalate by 
heating carbon dioxide with potassium 
hydroxide at 80-200° (Compt. rend. 1905, 140, 
1209). 

2. Sodium oxalate has been prepared by 
Dugan (U.S.P. 1232249) by spraying sodium 
into a pebble mill containing carbon dioxide at 
an elevated temperature. 

3. Oxalates are obtained when formates of 
alkali metal salts are gently heated. The re¬ 
action is improved by heating in a partial 
vacuum to a temperature below 360®, preferably 
about 280° (F.P. 381245; G.P. 204895; 269833). 
Sodium oxalate is also prepared by heating 
sodium formate with sodium carbonate at 400- 
410° or with preformed sodium oxalate at 360- 
410° (U.S.P. 714347). Yields up to 91% can be 
obtained in the production of oxalates from 
formates by heating the formate with loss than 
5% of an alkali hydroxide; hydrogeil is evolved 
at 290° and the reaction is complete at 360° 
(F.P, 331498; U.S.P. 748791). By heating a 
formate with sodamide an 80% yield of an 
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oxalate is obtained (Amor. Chem. Abstr. 1939, 
33, 16G1). 

4. The formate method has been simplified 
by Feldkamp (U.S.P. 802980), who heated 
sodium hydroxide in a current of carbon mon¬ 
oxide and carbon dioxide (water gas or pro¬ 
ducer gas). The resulting mixture of sodium 
formate and sodium carbonate, on heating to a 
higher temperature, evolved hydrogen and gave 
a mixture of sodium oxalate and sodium 
carbonate. 

5. Calcium oxalate is produced when a mix¬ 
ture of equal parts of sodium oxalate and lime 
is heated above 100° in the presence of carbon 
monoxide and water (Canad. P. 213376). 

6 . When sodium acetate, sodium hydroxide, 
and a copper salt are either fused or heated in 
water at 180-280° in the presence of oxygen 
sodium oxalate is formed (G.P. 661180). 

7. An early process for the manufacture of 
oxalic acid consisted in the oxidation of organic 
matter with nitric acid. This is carried out in 
the laboratory by gradually adding 8 parts of 
nitric acid (p 1-38) to 1 part of sugar or starch, 
heating the mixture to boiling, and evaporating 
to one-sixth the original volume. The crystals 
obtained on cooling are recrystallised from j 
water. Ethylene glycol can be used in the place 
of sugar or starch (Seymour, J. Chem. Educ. 
1939, 16, 285). A variety of different con¬ 
ditions and catalysts {e.g., vanadium pentoxide) 
has been described for the commercial produc¬ 
tion of oxalic acid by this process (G.P. 183022; 
208999; 670733; B.P. 184627; U.S.P. 1446012; 
1609575). 

8 . Oxalates can be prepared by heating saw¬ 

dust with caustic alkalis. The best results are 
obtained with soft-wood sawdusts but many 
other vegetable materials have been used. Pre¬ 
treatment of the wood with alkali gives a finer 
product. The process is improved by the in¬ 
corporation of an oxidising agent, such as hot 
air or hot air and steam, sodium peroxide or 
hydrogen peroxide under reduced pressure, per¬ 
manganates or manganates (G.P. 199583), 

nitrates or chlorates in the presence of mag¬ 
nesium salts (G.P. 277733), and a mixture of 
lime, nitrates, metallic oxides, and air at 170- 
190° (F.P. 373157). 

9. The electrolysis of sodium cyanide gives 
cyanogen which, on absorbing in 44% hydro¬ 
chloric acid, gives oxamide; this can be hydro¬ 
lysed to oxalic acid by the action of concen¬ 
trated hydrochloric acid (Bucher, J. Ind, Eng. 
Chem. 1917, 9, 233). 

10. The action of oxides of nitrogen on 
acetylene gives oxalic acid (Kearns, Heiser, and 
Niewland, J. Amer. Chem. Soc. 1923, 45, 795; 
Amer. Chem. Abstr. 1930, 24, 3486; ibid. 1938, 
32, 8368). 

11 . A species of mucor grown at pH 5*6 in a 
peptone medium containing crude cane sugar 
produces 28% of oxalic acid together with some 
citric acid. Oxalic acid is also produced by 
Aspergillus nigeff A. oryzse, and Penicillium 
solitum {ibid. 1938, 32, 3081). 

Oxalic acid is usually obtained from the 
oxalates resulting from these processes by preci¬ 
pitation as the highly insoluble calcium oxalate 
which is then decomposed with sulphuric acid. 


The acid cannot be freed from oxalates by 
direct recrystallisation from water or organic 
solvents, but recrystallisation from 10 to 16% 
hydrochloric acid retains the cations as chlorides. 
Kecrystallisation from alcohol containing a little 
sulphuric acid, then from water, gives the pure 
acid. This can also be obtained by sublimation 
of the crude material below 157° or by decom¬ 
position of methyl or ethyl oxalate with water. 
The anhydrous acid can be prepared from the 
crystalline hydrate by heating with carbon tetra¬ 
chloride (Organic Syntheses, Coll. Vol. 1, 1941, 
p. 421) or by drying iii an oven at 98-99° for 2 
hours (Organic Syntheses, 1930, 10, 78). 

Properties. —Oxalic acid crystallises as 
monoclinic prisms containing 2 mol. of water. 
This hydrate, which melts at 101° on rapid 
heating, effloresces at 20° in dry air. The 
anhydrous acid melts at 189°. It dissolves in 
about 9 jjarts of water or 2J^ parts of alcohol at 
room temperature and is slightly soluble in 
ether. 

On heating at 150° the acid sublimes without 
decomposition, but at higher temperatures it 
decomposes, giving formic acid and carbon 
dioxide, or carbon monoxide, carbon dioxide, and 
water. On heating with concentrated sulphuric 
acid it gives carbon monoxide and carbon di¬ 
oxide, whilst heating with alkalis causes decom¬ 
position to carbonate and hydrogen, the latter 
products also being formed when the anhydrous 
acid is heated with potassium or sodium. 

An aqueous solution of oxalic acid under the 
influence of light and air decomposes into carbon 
dioxide, water and, in the presence of excess 
oxygen, hydrogen peroxide. 

I Oxalic acid is oxidised slowly with concen¬ 
trated nitric acid and rapidly with perman¬ 
ganates, halogens, etc., to carbon dioxide and 
water. This property is utilised in the quanti¬ 
tative determination of oxalates or, alternatively, 
of oxidising agents, e.gr., persulphates. 

Oxalates are readily reduced with nascent 
hydrogen giving first glyoxylic acid and then 
glycollic acid. 

Oxalyl Chloride, b.p. 64°, is produced when 
oxalic acid is treated with phosphorus penta- 
chloride. 

When ammonium oxalate is heated or when 
oxalic esters are shaken with aqueous ammonia, 
oxamide (decomp, above 320°) is formed. 
Other important derivatives are the mono¬ 
amide, oxamic acid, m.p. 210°; oxanilide 
m.p. 254°; and the mono-anilide, oxa n i I ic acid, 
m.p. 149°. 

Detection and Determination. —When con¬ 
centrated sulphuric acid is added carefully to a 
solution of oxalic acid containing a Uttle re¬ 
sorcinol, a blue ring develops at the interface. 
Addition of a few drops of glycerol improves 
the teat when the concentration of oxahe acid 
is very low (Brauer, Chem.-Ztg. 1920, 44, 
494; Chemoff, J. Amer. Chem. Soc. 1920, 42, 
1784; Carletti, Amer. Chem. Abstr. 1937, 31t 
2552). 

An oxalate solution which produces a brown 
colour with methyl orange paper, on treating 
with fresh manganic hydroxide gives a red 
colour (Sacher, Chem.-Ztg. 1915, 39, 319; Loch- 
mann, ibid. 1933, 67, 214). 
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Silver nitrate solution (20%) containing nitric 
acid gives a precipitate with oxalic acid but not 
with citric, malic, or tartaric acids. 

Copper oxalate is insoluble in 30% sodium 
hydroxide solution. 

Beduction of oxalic acid with zinc and sul¬ 
phuric acid gives glycollic acid, which can be 
detected by the blue-green colour it generates on 
heating with concentrated sulphuric acid con¬ 
taining a little tannic acid, or by the pink colour 
given with 2:7-dihydroxynaphthalene. The 
latter can be used for the detection of 1 pg. of 
oxalic acid (Eegrieve, Z. anal. Chem. 1032, 89, 
121 ; 1935,100,31). 

A red colour is produced on treating oxalic 
acid with sodium vanadate solution and hydro¬ 
gen peroxide (Ainsworth Mitchell, Analyst, 
1933, 58, 279). 

A blue dye, soluble in alcohol, is formed when 
oxalic acid is fused with diphonylamine hydro¬ 
chloride. Carbazole fusion gives a deep violet 
(Feigl and Frehden, Mikrochom. 1935, 18, 273; 
Augusti, Chim. et Ind. 1937, 37, 447). 

Pesez (Bull. Soc. chim. 1936, [v], 3, 2072), 
describes a tost for oxalate in the presence of 
OCr, Br07, CIOF. NOa', NOr. and 
Cr 04 “ ; 1 g. of pure zinc and 2 drops of 10 % 
copper sulphate solution are added to a mixture 
of 5 c.c. of test solution and 1 c.c. of cooled 50% 
sulphuric acid. Four drops of the resulting 
glyoxylic acid solution are added to 2 c.c. of con¬ 
centrated sulphuric acid containing two drops 
of 2 % resorcinol in concentrated sulphuric acid. 
A pale blue colour develops in the cold, changing 
to intense blue on warming. Alternatively, a 
few drops of 1 % phonyIhydrazine hydrochloride 
are added to the glyoxylic acid solution, which is 
then heated almost to boiling, cooled, and an 
equal volume of concentrated hydrochloric acid 
and 5 drops of 6 % K 3 Fe(CN)e added. A 
bright red colour develops. Iron if present 
interferes, and dilute HoO. is then used instead 
of K 3 Fe(CN)e. 

Oxalic acid can be determined quantitatively 
by the following methods. The first two are 
generally used. 

1 . Titration with potassium permanganate, 
Tliis is carried out in the presence of excess 
sulphuric acid at 70®, and can be used on the 
micro-scale (Kminek, Amer. Chem. Abstr. 1936, 
80, 54; Renaudin, J. Pharm. Chim. 1936, 23, 
447). 

2 . Gravimetric determination. The neutral 
oxalate solution is acidified with a few drops of 
acetic acid and calcium oxalate precipitated at 
the boil by the addition of calcium chloride. 
After standing 12 hours the precipitate is 
ignited at a dull red heat, a little ammonium car¬ 
bonate solution added, and the residue reignited. 
The calcium carbonate formed can be weighed 
directly or converted to sulphate by adding 
dilute sulphuric acid and igniting. For the 
analysis of oxalate by calcium precipitation in 
the presence of citrate, tartrate, and malate, see 
Lindemann and Schnetka, Z. anal. Chem. 1934, 
97, 1. 

3. lodometric. A dilute solution of oxalic 
acid and sulphuric acid is warmed with N./60 
potassium iodate until iodine is liberated. 
Potassium iodide is added to the cooled solution. 


which is titrated with Odx thiosulphate. The 
titration can be followed potentiometrically 
(Singh and Singh, J. Indian Chem. Soc. 1939, 
16, 343). 

4. A neutral oxalate solution can be titrated 
with standardised lead acetate using fluorescein, 
eosin. Formyl Violet, Bromophenol Blue, or 
Bromocresol Blue as adsorption indicator 
(Wellinga, Trans. Faraday Soc. 1932, 28, 565; 
Kocsis and Poliak, Amer. Chem. Abstr. 1935, 29, 
1736). Lead nitrate can also be used with 
Chlorophenol Red as indicator (Zombory and 
Poliak, Z. anorg. Chem. 1934, 217, 237). 

6 . Potentiometric with ferric chloride. A 
little ferrous sulphate is added at the start and 
the titration is carried out in an atmosphere 
of carbon dioxide using a platinum electrode, 
1 Fe‘^'^+=1 (COO)a (Treadwell and Wett- 
! stein, Helv. Chim. Acta, 1935, 18, 981). 

6 . Titration with ceric sulphate. This can be 
carried out at 60® without an indicator, or an 
excess of ceric sulphate can be added then back- 
titrated with ferrous ammonium sulphate using 
N-phenylanthranilic acid (“ ferroin ”) as in¬ 
dicator {see F. Pregl, “ Quantitative Inorganic 
Analysis,” p. 382 (Longmans)). Titration at 35° 
with manganic sulphate is also satisfactory, op. 
ciL, p. 387. 

7. Small amounts of oxalates in urine, etc., 
can be determined by acidification with hydro¬ 
chloric acid followed by continuous ether extrac¬ 
tion for 72 hours. After evaporation of ether 
the oxalic acid extracted can be determined by 
permanganate oxidation or calcium precipita¬ 
tion (Leulier and Lorcho, Bull. Soc. CMm. biol. 
1938, 20, 939). 

Oxalates. 

An extensive series of salts of oxalic acid exists 
including normal oxalates, acid oxalates, double 
oxalates (mixed oxalates), and tetroxalates, 
which consist of 1 mol. of oxalic acid combined 
with 1 mol. of an acid oxalate. With the 
exception of those of the alkah metals, oxalates 
are almost insoluble in water. 

Potassium OxalatSy C 204 K 2 , 2 H 20 , crystal¬ 
lises in monoclinic prisms or pyramids and 
is ifeadily soluble in water. Potassium hydrogen 
oxalate, C 2 O 4 HK, occurs either anhydrous as 
monoclinic prisms or as a monohydrate which is 
triclinic. It is found in the juices of plants, 
e.g., Oxalis and Pumex. The acid salt is much 
less soluble than the normal salt. Potassium 
tetroxalate, C 204 HK,C 204 H 2 , 2 HoO, triclinio 
crystals, is formed from the acid salt and oxalic 
acid. Solutions of the acid salt tend to break 
up into the normal salt and the tetroxalate. 

Sodium Oxalate, C 204 Na 2 . separates from 
hot solutions as a crystalline powder or fine, 
glistening needles. Both this and the acid 
salt are much less soluble than the potassium 
salts. 

Ammonium Oxalate, C, 04 (NH*),, 2 H ,0 , oc¬ 
curs in Peruvian guano. It crystalUses in long, 
rhombic prisms which occur as Isbvo- and dextro- 
hemihedral crystals and are readily soluble in 
water. The acid salt is less soluble, crystallises 
in rhombic prisms, and gives a tetroxalate iso- 
morphous with the potassium salt. 
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Calcium Oxalate, CjOXa^HgO, occurs 
naturally. It is highly insoluble in water and 
is also insoluble in acetic acid. Barium and 
strontium oxalates are somewhat more soluble 
than the calcium salt. 

Ferrous Oxalate occurs in lignite combined with 
I^HjO as humboldtine. It is obtained as a 
yellow powder containing 2H2O by mixing 
ferrous sulphate with oxalic acid or an oxalate. 

Ferric Oxalate.~Tho normal salt is deposited 
slowly as a yellow precipitate on mixing a 
normal oxalate with ferric chloride, or on treat¬ 
ing freshly precipitated ferric hydroxide with a 
quantity of oxalic acid insufficient to dissolve 
the whole. Sodium ferric oxalate, 

Na3Fe(C204)3,4iH20, 

is obtained by dissolving ferric hydroxide in 
acid sodium oxalate solution. 

Antimony Oxalates. —The normal salt, 

Sb203C403,2H20, 


found fairly wide application for calico printing 
as substitutes for the more expensive but faster 
vat blues; this applies particularly to the naph- 
thophenoxazines \v.infra). They are reduced 
easily to oxidisable leuco-compounds which re¬ 
form the dyestuffs more or less quantitatively 
on oxidation; they are not, usually discharged 
by hydrosulpliite and on this account they are 
used for producing coloured effects in calico 
printing; they can, however, be discharged, 
i,e., permanently bleached, by oxidising agents 
such as sodium chlorate and potassium ferri- 
cyanide. They can also be employed for dyeing 
leather, paper, and silk and as pigments and 
microscopical stains, but these uses are not im - 
portant. By far the most important members 
of the series are the Gallocyanine dyes, which 
are employed not only on cotton, but also as 
chrome dyes for wool, particularly in the form 
of their sulphonic acids. 

For the purpose of this article the oxazine 
dyestuffs are conveniently discussed under the 
following headings: 


is prepared by boiling antimonious chloride or 
oxychloride with oxalic acid or by mixing a 
saturated solution of oxalic acid with a hydro¬ 
chloric acid solution of the trichloride. Anti¬ 
mony potassium oxalate, SbKj(0204)3,6^120, 
forms monoolinic crystals when a solution of 
antimonic acid is mixed with potassium oxalate. 
The sodium salt, SbNa 4 ( 0204 ) 4 ,! OHgO, is 
prepared similarly. 

Methyl Oxalate, 02O4Me2, is obtained by dis¬ 
solving anhydrous oxalic acid in methanol 
(Organic Syntheses, Coll. Vol. II, p. 414). It 
ciystallises in rhombic tables, m.p. 54°, b.p. 163°. 
It is converted into oxalic acid and methanol on 
boiling in water. 

Ethyl Oxalate, 02O4Et2, can be prepared by 
heating anhydrous oxalic acid with ethanol. 
The water formed during the reaction can be 
removed azeotropically (Wahl, Bull. Soc. chim. 
1925, 87, 713). It boils at 186° and decomposes 
on boiling in water in the same way as methyl 
oxalate. 

J. B, 

OXAZINE DYESTUFFS. The oxazine 
dyestuffs comprise a relatively small class, 
closely related, as their name implies, to those 
of the azine (t;. Vol. I, 565a, 568a, 6786) and 
thiazine series. The first oxazine dye was dis¬ 
covered by Meldola in 1879 (c/. Meldola’s Blue) 
by condensing jS-naphthol Avith nitrosodimethyl- 
aniline hydrochloride; this reaction was ex¬ 
tended by Koechlin in 1881 and most of the 
important simple oxazine dyes were made 
between that date and 1908, the majority being 
discovered, before 1900. No outstanding ad¬ 
vances were made in more recent years until the 
triphendioxazine dyes made their appearance as 
direct cotton dyestuffs producing brilliant shades 
of extremely good light-fastness. 

The diphenoxazine dyes are mostly basic 
mordant dyestuffs, used mainly with tannin, 
tannin-tartar emetic, or chromium salt mor¬ 
dants to produce deep blue to blue-violet shades 
on cotton, with reasonably good fastness proper¬ 
ties except towards alkali. They are cheap and 
easily applied from neutral media and they have 1 


(а) Simple diphenoxazine dyestuffs. 

(б) Naphthophenoxazine dyestuffs. 

(c) Gallocyanine dyestuffs. 

(d) Triphendioxazine dyestuffs. 

(a) Diphenoxazine Dyestuffs. 

These dyestuffs take their name from their 
reduced or leuco-furms, which are derivatives 
of phenoxazine, a very stable, colourless com¬ 
pound, m.p. 148°, obtained by heating 0- 
aminophenol and catechol to 260° (Bemthsen, 
Ber. 1887, 20, 943); the dyestuffs have the 
ortho- or pam-quinonoid or phenazoxonium or 
phenoxazonium salt form represented by the 
generalised formulas below: 


NH 



Plienoxazine. 



cr 

Phenazoxonium or o-quinonoid. 


or 



Phenoxazonium or p-quinonold 
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In common with the azine dyes and the thi- 
azine dyes, the oxazine dyes are now represented 
as being o-quinonoid phenazoxonium salts (c/. 
Kehrmann, AnnaJen, 1918, 414, 157) as distinct 
from the earlier views that they possessed a 
p-quinonoid structure (Kehrmann, Ber. 1899, 
32, 2601) although it should perhaps be men¬ 
tioned that a case can be made out for repre¬ 
senting them as complex salts, which are best 
formulated on the Werner-Hantsch system 
(Fierz and Kochlin, Helv. Chim. Acta, 1918, 1, 
216). On the modem idea that all such dye¬ 
stuffs are resonant hybrids of several possible 
electronic forms, no particular canonical formula 
can bo expected to bo entirely satisfactory; 
however, the o-qiiinonoid formula above is most 
generally acceptable and explains satisfactorily 
all but the finer points in the behaviour of these 
compounds. 

In all the important dyestuffs of this class 
the group in position 7 * is either an amino- 
or a dialkylamino-group and the group in 
position 3 is usually a similar group, hydrogen or 
hydroxyl. 

Diphonoxazine dyestuffs are made by the 
following general methods {cf. A. Winther, 
“ Patente der organischen Chemic,*’ 1908, 
Giessen, Vol. II, p. 396). 

1 . By the interaction of a p-nitroso-derivative 
of an aromatic (dialkyl) amine or a phenol with 
an appropriate aminophenol, or by the inter¬ 
action of a nitroso-compound of a m-(dialkyl- 
amino)phonol with the appropriate amine; in this 
reaction 2 mol. of the nitroso-compound are 
employed, a second ^ mol. being necessary to 
oxidise the leuco-compound first formed to the 
dyestuff. 

2. By the interaction of quinone dichlorodi- 
imide with m-(dialkylamino)phenol8. 

3. By the oxidation of mixtures of p-diamines 
and m-amino- or w-(dialkylamino)phenol8, or of 
w-hydroxy-p-diaraines and amines or by the 
direct oxidation of o-aminophenols, by such 
reagents as acid ferric chloride, dichromate, 
etc. 

4 . By the interaction of aminoazo-compounds 
from appropriate amines and m-aminophenols 
or polyphenols or the corresponding aminoazo- 
compound from w-aminophenol and the appro¬ 
priate amine; in this reaction the arylazo-group 
functions like the nitroso-group in reaction 1. 

The first method is by far the most important 
and the one invariably used where possible; the 
second method also gives good results in the 
laboratory but is liable to be rather violent. 

The following are the more important diphen- 
oxazine dyes, the numbers in parentheses being 
the reference number to the particular dyestuff 
in “ The Colour Index,” edited by F. M. Rowe, 
Bradford, 1924. 

Nitroso Blue MR (No. 907; Meister Lucius 
u. Briining, B.P. 6056, 1898) was a mixture of 
nitrosodimethylaniline hydrochloride, resorcinol, 
and tannic acid which was used for padding 

• Nomenclature .— Several methods of numbering 
the oxazines have been proposed from time to time, but 
for complicated structures like dyestuffs, the most satis¬ 
factory Is the one based on the Patterson System as 
riven in Patterson and Capell, *‘The Ring Index,'* 
Eeinhold Publishing Corp., New York, 1940. 


cotton, or the separate components were used in 
calico printing, and during the, procress of ageing 
(steaming), the simple diphonoxazine dye in 
which R and R'—Me, and X —OH, was pro¬ 
duced and gave an indigo-blue tannin lake which 
was fixed in a tartar emetic bath. 

Resorcine or Iris Blue (No. 908; Weselski 
and Benedikt, Monatsh. 1880, 1, 886), obtained 
by condensing resorcinol with nitrosorosorcinol 
and brominating the product, is of interest not 
as a basic dyestuff, but in connection with its 
relation to Lackmoid, the unbrominated com- 
pomid, wkich has been used as an indicator for 
acids and alkalis. 

Cresyl Blue 2RN and 2BS (No. 877; 
Leonhardt, B.P. 1390; 21154, 1892) in which R 
and R'=Me or Et, X -NHg and a Me group is 
adjacent to the dialkylamino-group in the 
8 -position, is obtained by condensing the appro¬ 
priate nitroso-?a-dialkylamino-p-cro8ol with p- 
phen y 1 ened ia mine. 

Capri Blue GON (No. 876; Leonhardt, B.P. 
13565 ; 18623,1890) is the most important of the 
simple basic diphonoxazine dyes and is obtained 
by condensing p-nitrosodimethyJanilino hydro¬ 
chloride with wi-diethylamino-p-cresol as fol¬ 
lows ; 





half of a second molecule of nitrosodimethyl¬ 
aniline being utilised to oxidise the leuco- 
compound to dyestuff, being itself reduced to 
dimethyl-p-phenylenediamine in the process. 

The Capri Blues are still used to a very small 
extent for dyeing tannin and tartar emetic 
mordanted cotton in bright greenish-blue shades 
fast to hght and washing, but these basic 
diphonoxazine dyes are more of historical and 
academic than of technical interest at the 
present time. 

(6) Naphthophknoxazinb DYKSTurFs. 

The naphthophenoxazinos are of greater 
technical interest than the Capri Blues. 

Meldola's Blue (No. 909; Meldola, Ber. 
1879, 12, 2066 ; J.C.S. 1881, 89, 37) is obtained 
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by heating an excess (2 mol.) of nitrosodimethyl- 
aniline hydrochloride with )3-naphthol in al¬ 
coholic solution, and has the constitution 



Its manufacture is an unpleasant operation as 
the dry dyestuff attacks the raucous membrane, 
l)ut nevertheless it has been manufactured in 
large quantities and extensively used as a cheap 
substitute for indigo, although its importance is 
now declining. The hydrogen atom in the a- 
position para to the azino nitrogen in Meldola’s 
Blue is reactive, and the dyestuff will interact 
with nitroso-compounds and with amines under 
oxidising conditions to give the corresponding 
substituted amino-derivative in this position, 
and several dyestuffs are made from the parent 
dyestuff in this way. Thus, excess of nitrosodi- 
methylaniline or dimothyl-p-phenylenediaraine 
gives New Blue B (S.C.I.) (No. 910; Hoffman 
and Weinberg, 1889), an impurity always present 
in Meldola’s Blue, which dyes mordanted cotton 
in faster and purer shades, but possesses the same 
unpleasant properties, whilst dimethylamine 
gives New Methylene Blue GG (No. 911; 
B.P. 6946, 1890). 

Nile Blue A (No. 913; Badische Anilin- u. 
Soda-Fabrik, B.P. 4476, 1888) and Nile Blue 
2B (No. 914; Julius, B.P. 10619, 1891) prepared 
by condensing nitroso-m-diethylaminophenol 
hydrochloride with a-naphthylaraino and 
benzyl-a-naphthylamine, respectivel}^ so that 
they carry NHa and NH-CH2Ph groups in 
the reactive a-position, dyo cotton mordanted 
with tannin and tartar emetic in beautiful 
bright blue and greenish-blue shades and have 
for this reason enjoyed some technical import¬ 
ance. 

In passing, it may be noted that Nile Blue A 
and New Methylene Blue GG are also of interest 
for colouring microscopical sections, nitrogenous 
matter being coloured blue, while neutral fat is 
stained bright red, the red colour being due to 
partial hydrolysis of the dyestuff to the non- 
basic, red dimethylaminonaphthophenoxazone: 



(c/. Thorpe, J.C.S. 1907, 91, 324). 

Alizarine Green B (No. 918) and G (No. 
917; Dahl, B.P. 5153, 1895) are also dinaphth- 
oxazines carrying adjacent OH groups in the 
naphthalene nucleus, but they are not technically 
important. 


(c) GALLOOYAiflNES. 

The gallocyanines are by far the most im¬ 
portant members of the oxazine series and their 
discovery arose from attempts by H. Koechlin 
(B.P. 4899, 1881; Monit. Sci. 1883, [iii], 13, 
292) to fix nitrosopheiiol on to cotton by steam¬ 
ing in presence of a tannic acid—tartar emetic 
mordant. 

Gallocyanine (No. 883) is obtained by boil¬ 
ing nitrosodimetbylanilinc hydrochloride and 
gallic acid in alcoholic solution and has the 
structure: 


COOH 



and Gallocyanine BS is the corresponding 
bisulphite compound. The importance of these 
dyes rests in their cheapness and in the fact that 
not only do they dyo mordanted cotton, but 
also chrome-mordanted wool in bright navy 
shades of good depth and moderate fastness 
properties. 

The most important dyestuff is GaUocyanino 
itself, but a very large number of derivatives are 
on the market, mainly as a result of the activities 
of the Swiss firm, Durand and Huguenin (Basle), 
which has made the development of this field 
its special care, and only the more important can 
bo mentioned here. 

Gal lam I ne Blue (No. 894 ; Geigy, B.P. 2941, 
1889) and the Gallanil Violets (No. 896; 
Soc. Chim. Ind. Bale, B.P. 11848,1889) are made 
from gallamide, and gallanilide instead of gallic 
acid whilst methyl gallato affords Prune Pure 
(No. 893 ; Kern, B.P. 5953, 1887). 

Modern Violet (No. 892 ; Durand, Huguenin 
& Co., B.P. 21415, 1898) probably the next 
most important dyestuff to Gallocyanine is a 
reduction (leuco-) product of Gallamine Blue, 
Modern Violet N (No. 881) is the decarboxy- 
latcd leuco-gallocyanine, and CoreVne 2R 
(No. 900) is the dyestuff from gallamide and di- 
ethylaminoazobenzene hydrochloride. 

Gallocyanine itself, the amide, and esters all 
contain a reactive position, probably adjacent 
to the carboxyl group, which readily undergoes 
substitution, and a very large number of new 
dyestuffs have been obtained by condensing the 
parent gallocyanines with amines, hydroxy-com¬ 
pounds, etc. 

Phenocyanine VS (No. 902; B.P. 24802, 
1893) and Ultracyanine^ B (No. 901; 
Steiner, B.P. 6270, 1909) are derived from 
Gallocyanine and resorcinol, Anthracyanine 
BGG (No. 884; Loi^^tan, B.P. 21949, 1906) 
and its congeners from the parent dye and di- 
alkylamino-diamines, such as diethylamino-p- 
phenylenodiamine, and AminogallamineBlue 
(No. 896; De La Harpe and Burckhardt, B.P. 
12067,1908) from Gallamine Blue and ammonia, 
while Gallanil Blue (No. 897; Mohler and 
Meyer, B.P. 683, 1891) and Modern Azurine 
DH (No. 899; Zehntner and Oswald, B.P. 
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19001, 1907) are obtained by treating Oallanil 
Violet and Prune Pure with aniline. 

A number of sulphonated gallocyanines are 
also important as chrome dyes for wool, in¬ 
cluding Gallocyanine MS (No. 885; Bierer, 
B.P. 10333, 1894) wliich is sulphonated gallo¬ 
cyanine, and Chromazurine E (No. 879; De 
La Harpe and Bodmer, 1908 ; cf. G.P. 206465) 
obtained by treating Gallocyanine with aniline, 
removing the COoH group,and sulphonating the 
product; this clyos chromed wool a shade 
approaching that of Meth3dene Blue. A similar 
product, Delphine Blue (No. 878; Hagenbach 
B.P. 569, 1890) is made by a slightly different 
process, and Brilliant Gallocyanine, Chromo¬ 
cyanine V, Blue PRC, and Rhine Blue 
(No. 888 ; Do La Harpe and Vaiioher, B.P. 6055, 
1898) are produced by treating \mriou8 Gallo- 
cj^anines with aqueous sodium bisulphite in an 
autoclave. 

(d) TaiPUENDioxAZiNE Dyes. 

The development of the triphendioxazine dyes 
is the outstanding feature, as far as oxazine dyes 
are concerned, of modern times and has taken 
place almost entirely since about 1922. The 
technical method of making these dyestuffs 
was first disclosed in 1912 by Meister, Lucius, 
and Bnining (MLB) (cf. B.P. 8886, 1912) by 
submitting diarylaminobonzoquinones, which 
are easily obtained by condensing j^-lxmzo- 
quinone with arylaraines, to an oxidative ring- 
closure process either by heating the con¬ 
densation products alone in high-boiling solvents 
like nitrobenzene, or by treating them with con¬ 
centrated sulphuric acid or with dehydrogena¬ 
tion catalysts like aluminium chloride, ferric 
chloride, etc. In the technical application of 
this reaction di-chlorinated diarylaminobcnzo- 
quinones, obtained by condensing the appro¬ 
priate arylamine with chloranil, are usually em¬ 
ployed, since they are cheaper to make than the 
non-halogenated compounds. In this first 
patent the product from chloranil and j3-naph- 
thylamine is boiled in nitrobenzene or treated 


with aluminium chloride, or that from chloranil 
and o-anisidino is boiled in nitrobenzene with 
ferric chloride to give bluish-violet solids which 
afford soluble, bluish-violet dyestuffs on sul- 
phonation. 

This method of preparation of C:13-dichlorotri- 
phcndioxazine from chloranil and aniline (also 
mentioned in the patent) may be taken as tlie 
simplest case and represented as follows : 


c'' ] 

,NH 

i 'I 1 

X wx, 

1. 1 
o X . 

Cl 

u\,/Px /kN, 
im 1 ^“1 

1 14 1 . 

Cl 


No further developments occurred until 1922— 
24 when Durand and Huguonin (DH) made the 
quinone dianilide from chloranil and p-amino- 
salicylic acid and ring-closed it with sulphuric 
acid (B.P. 197940 ; 223481). In 1928, the I.G. 
took up the exploitation of this type of dyestuff 
and from then onwards a very extensive series 
of patents, starting with B.P. 313094, has 
appeared, in which more and more complex 
diarjdaminoquinonos have been made, ring- 
closed to the corre.sponding triphondioxazines 
and suiphoButed to give direct dyestuffs for 
dyeing cotton in bright blue and blue-violet 
shades; those have reasonable fastness proper- 
ticaS to washing and wet processing and out¬ 
standing fastness to light. It is probable that 
several of the newer blue direct-dyes for cotton of 
high light-fastness are sulphonated, complex, 
triphendioxazine derivatives and Sirius Bril- 
liant Blue FFR (Kranzlein, Greune, and 
Thiele, B.P. 313094,1928) is; 



made by condensing chloranil with 3-amino-N- 
ethylcarbazole, ring-closing the product with 
boiling nitrobenzene and phosphorus penta- 
chloride, and sulphonating the product (c/. 
Fierz-David, “ Kunstliche prganische Farb- 
stoffe,*’ Supplementary Vol., 1936, Springer, 
J^rlin, p. 17). A similar method of prepara¬ 
tion which closely resembles the foregoing 
one and usually proceeds more smoothly 
because it does not involve an oxidation, was 
described in 1933 by Brunner and Thiess 
(B.P. 416887; see also Fierz-David, Brassed 
and Probst, Helv. Chim. Acta, 1939, 22, 1348) 
and depends on the ring closure of diarylamino- 
benzoquinones containing alkoxy-groups in the 


o-position to the NH group in the arylamine 
radical: 
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The agents used for promoting this t3rpo of 
ring-closure are aluminium chloride in pyridine, 
benzoyl chloride in boiling nitrobenzene and 
concentrated sulphuric acid. 

Various other methods of making triphendi- 
f>xazine8 are to be found in the literature ; none 
is of any technical importance, but the following 
are given for reference. 

1. o-Aminoplienols are readily oxidised to 
aminophenoxazones, c.gr., by quinone, and under 
more drastic conditions, c.f/., by heating to 150- 
160” in presence of hydrochloric acid, a second 
molecule of o-aminophenol reacts to give a tri- 
phondioxazine 







where X~H, Cl, COgH, etc. 

In the case of iiitro-2-ammophcnol, no oxida¬ 
tion occurs, but condensation with halogenated 
benzoquinones gives nitrophenoxazones, w’hich 
may be condensed with a further molecule of an 
o-aminophenol to give a nitrotriphendioxazine 
(B.P. 411132). 


Cl 




2:5 - dichloro - 3:6 - diarylaminobenzoquinones 
which cyclise readily to dichlorotriphendiox- 
azincs in the usual way. 

2 . Triphendioxazino has also been obtained 
by the fusion of 4:6-diaminorcRorcinol sulphate 
with 2 mol. of o-aminophenol (Seidel, Ber. 1890, 
23. 182). 

3. Kchrmann and his co-workers (c/. ibid, 
1803, 26, 2735; 1896, 29, 2076; Uelv. Chim. 
Acta, 1926, 9, 866; 1928, 11, 1028) have pre¬ 
pared a number of triphendioxazines by the 
condensation of dihydroxy benzoquinones with 
o-aminophenols. In the first stage of this re¬ 
action, the formation of hydroxyphenoxazone 
can be carried out in aqueous solution, but con¬ 
densation of the latter with a further molecule 
of o-aminophenol frequently requires drastic 
conditions such as boihng in benzoic acid or 
anthracene. 




/OH 

1 






OH 

O 


+ 




The halogenonitrophcnoxazones from halo- 
genated quinones and nitro-o-aminophenols, 
mentioned above, are more reactive than the 
hydroxyphenoxazones and condense with o- 
aminophenols in boiling ethanol or acetic acid. 

The triphendioxazines are stable, inert, 
sparingly soluble substances. Tripfiendioxazine 
forms dark red crystals with a bluish cast 
subliming above 300° as a greenish-blue vapour; 
it possesses very weakly basic properties and 
forms a blue dihydrochloride in concentrated 
acid which is hydrolysed by water. It is un¬ 
changed by boiling alkaU or chromic acid in 
boiling acetic acid, but can be reduced to a 
dihydro-compound (leuco), e,^., by heating with 
phenylhydrazine in xylene or with zinc dust in 
aniline, and this regenerates triphendioxazine 
on re-oxidation. Triphendioxazino can be 
nitrated to give a crystalline nitro-compouTid 
(Seidel, l.c,). %\Vi-Dichhrotriphendioxazine is 
very reactive and when heated with aniline and 
aniHne hydrochloride readily gives a trianilino- 
compound having the structure 


Cl 



With aminophenols containing two negative 
groups, picramio acid, 5-nitro-3-amino- 

salicylic acid, and nitroaminophonol sulphonio 
acids, the reaction takes a difierent course, giving 


Cl 



(c/. Fierz-David, Brassel, and Probst, l.c*). 

The sulphonated dyestuffs are likewise very 
stfkble compounds, which are converted into 
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leuco-corapoiinclR by reducing agents, but are 
otherwise unchanged by aqueous, acid, or alkaline 
reagents. 

JAterature .—An adequate account of the phen- 
oxazines, as distinct from dyestuffs derived from them, 
is given in V. Meyer and P. Jacobson, “Lebrbuch dcr 
organischen Chemie,” Leipzig, Vol. II (3), pp. 1470-84. 
For further details on oxaziue dyestuffs, reference may 
be made to the following : 

H. E. Fiorz-David, “Kimstliche organischc Farb- 
stoffe,” Springer, Porlin, 1926, pp. 351-3(57 ; 
Erganzungsband, 1935, pp. lb-17. 

A. Winther, " Patente d(^r organischen Chemie,” 
Giessen, 1008, II, pp. 396-441. 

The various summaries and reprints of German 
Patent Specifications in Friedlander’s “ Fortschritte 
der Teerfarbeiifabrikation,” Vols. 1-23, Springer, 
Berlin, 1940; Schultz, “Farbstofftabellen,” Leipzig, 
1031-39; and F. M. Rowe et al., “ The Goloiir Index,*' 
Bradford, 1924. 

S. C. 

OXIDATION-REDUCTION POTEN¬ 
TIALS. W. D. Bancroft (Z. phyaikal. Chem. 
1892, 10, .387) was the first to observe that 
characteristic potentials were set up when plati¬ 
num electrodes were immersed in solutions of a 
number of oxidising and reducing agents, whilst 
W, Ostwald in a paper on “ The Chemometer ” 
{ibid. 1894, 15, 399) showed from purely theo¬ 
retical considerations that potentials established 
by oxidising and reducing agents at unattackable 
electrodes really constituted a measure of the 
oxidising or reducing powder of the particular 
solution. The first step in the quantitative 
study of these potentials, how'ever, was made by 
R. Peters {ibid. 1898, 26, 193) on the basis of the 
Van’t Hoff Isotherm. 

The difiFerence in potential which exists be¬ 
tween an inert electrode, such as one of platinum 
or gold, and a solution containing a compound 
in both its oxidised and reduced states, one or 
both being in the ionised form, is known as the 
oxidation-reduction potential, or more briefly 
“ redox ” potential. It happens, however, that 
no satisfactory method is known whereby the 
potential difference between a metal and a solu¬ 
tion in which it is immersed can be measured, 
and in consequence, the potential has to be 
referred to, or compared with, the potential of 
a standard electrode or half-element, e.g,^ 
saturated calomel, normal calomel, or decinormal 
calomel. These standard half-elements have 
been standardised against the normal hydrogen 
electrode, the potential of which is arbitrarily 
assumed to be zero. This is certainly not true, 
but such an assumption makes it possible to 
compare the “ redox ” potentials which oxida¬ 
tion-reduction systems set up in solution at an 
inert electrode, and at the same time these 
potentials provide a relative measure of the 
chemical intensity of any particmlar oxidation- 
reduction process. 

The arbitrary zero electrode is that of a hydro¬ 
gen electrode, supplied with hydrogen at exactly 
one atmosphere pressure, immersed in a solution 
containing one gram-molecule of hydrogen ions 
per litre. The hydrogen ions may originate from 
hydrochloric acid in solution, and the required 
concentration is computed from the relationship, 
ac=l, where a is the degree of ionisation, or 
conductance ratio AcfA^ and c the number of 
g.-moL of acid per litre, which on ionisation will 
provide 1 g.-moL of hydrogen ions at the desired 


tomj)cratiirc. Tn tewms of the Lewis activity 
theory, tlie constitution of the arbitrary zero 
electrode is modified thus: the hydrogen elec¬ 
trode (at 1 atm.) is immersed in a solution of 
hydrochloric acid the mean ionic activity of 
which is unity, i.e. (a^-a_)^=l. Although 
radically different, those two arbitrary zero 
electrodes differ in potential by approximately 
0 003 V. at 25^0., and consequently “ redox ” 
potentials computed on the basis of the classical 
ionisation theory will normally bo 0-003 v. more 
positive than th(5y would have been if the activity 
theorj" bad been employed. 

Examples of oxidation-reduction systems fall 
into four categories : 

1 . Oxidised and Reduced Metal Ions : 

Fe”’ ^ Fe'‘-f ]F (Faraday) 

Ce‘ * Ce ” f if 
S n‘“‘ SrT'-f-2F 
Tl • ^ TI*4 2F 
Cr“* Cr*--flF 
Ti - * ^ Ti-* I IF 

2. Complex Anions: 

Fe(CN)«'";F- Fe(CN)e''"+IF 

3. Oxygenated Anions and Hydrogen Ions : 

MnO/ hSH- ^ Mn *+4H20 f5F 
HCrO/+7H- ^ Cr 4 H 2 O+ 3 F 
BrOj/fSH- ^ Br'} SHgO-l OF 
lOa'+GH- ^ I' f SHgO f OF 
CIO/-4 6H* ^ Cr+SHgO-l-OF 

4. “ Organic ” Systems : e.g., 

' r 



It has been tacitly assumed in giving these 
examples that the chemical symbols refer to 
gram-atoms (or g.-mol.) and that in proceeding 
from left to right the quantity of electricity 
liberated would therefore be equal to the number 
of faradays {zF) indicated. This would actually 
occur at the cathode if the reductions were 
carried out electrolytically. 

The reduction process is sometimes repre¬ 
sented as being caused by the receipt of valency 
electrons by the oxidised form or forms, thus : 

Fe‘'*-+-e ^ Fe‘* 

and MnO^-f 8H’-f 6e ^ Mn“+4H20, where 
e represents the actual electronic charge and, in 
consequence, the symbols must refer to the 
actual ionised atoms or molecules. 

The foregoing equations represent, at most, 
tendencies, as the reduction processes indicated 
by the upper arrows can only take place when the 
ion in its oxidised state is brought into contact 
with some other ion in its reduced state which is 
capable of being oxidised by the former ion. 
Th^ following examples will show how these 
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oxidising tendencies are converted into actual¬ 
ities in the course of,well-known reactions : 

2Fe" + Sn** -> 2Fe"4-Sn ** and 
HCr 04 '+ 7 H +3Fe- -> Cr *+4H20-f 3Fe •* 

In the first case, to oxidise 1 g.-mol. of stannous 
ions it is necessary that they should receive 2F 
of electricity, i.e., SiT*-f-2F-^ Sn'***, which is 
obtained from the oxidising system, viz., 
2Fe“'-> 2Fe"-}“2F, whereas in the second 
case the oxidising system 


particular system depends on (a) the concentra¬ 
tions of the oxidised and reduced states and any 
other ions that may play an integral part in 
the oxidation process, (b) the equilibrium con¬ 
stant at the particular temperature, and 
(c) the absolute temperature. For the system: 
Oxidised ^ Reduced-fzF it follows from the 
Van’t Hoff Isotherm, relating to the affinity of 
a reaction, that 


-AG^zF-E 


Ox 


logo 


[Reduced 

[Oxidisedjg 


HCrO^+TH- -> Cr+4H2O-I-3F 

provides the necessary electricity, 3F, to oxidise 
3Fe“, thus 

3Fe**+3F-> 3Fe' 

It now remains to ascertain why an oxidising 
agent, e.g.^ KgCr^O^ (in solution, KHCr04) can 
oxidise certain ions, e.g.y Fe*' and Sn**, and yet 
not be able to oxidise Ce*** to Ce****, and it is 
in this respect that the importance of “ redox ” 
potentials arise. With an oxidation-reduction 
system, e.g.y Fe*** Fe**-f IF, there is to be 
associated an amount of free energy {—AG) 
which becomes available when the reduction is 
rendered possible. In electrical terms, this free 
energy must be equal to (quantity of electricity) 
X (potential difference), i.e.y —AG-{zF)xEy 
whore E is the potential set up at an inert elec¬ 
trode when immersed in a solution containing 
the oxidised and reduced ions, and 2 is the 
decrease in positive valency or increase in 
negative valency between the oxidised and 
reduced states. If the free energy, ~AGy of the 
oxidising agent or system is greater than the free 
energy corresponding to that of the ions or mole¬ 
cules to be oxidised (considered as a reduction 
system), when oxidising and reducing agents are 
brought into the presence of one another, then 
oxidation will ensue until equilibrium is reached, 
which, if the difference between the two opposing 
free energies is considerable, w^ill correspond with 
almost complete oxidation, whereas a small 
difference wffl lead to an incomplete oxidation. 
Thus the free energy for the system : 

HCrO/-f 7H* 4H20+Cr •• 

is equal to 3Fx ^^... and that of the 

system: 

3Fe•** ->3Fe * 

is equal to 3Fx Ep^... so that if 

i.e., if -yCr— greater than 

3 Fx E^^.., p^.. and therefore, if 

-^HCr04'->Cr"• > ^Fa ---J-Fe” 

reduction will occur, the actual extent depending 
on the magnitude of 

(^HCr04'-> Cr-)‘“(-®^Fe- Fe-)* 

The oxidation of Ce*** ions is not possible with 
HCrO/ions and H* ions because ^HCr04'->Cr ” 
is less than 

The ihecise potential set up at a platinum or 
gold electrode when immersed in a solution con¬ 
taining the oxidised and reduced ions of any 


-RT loge 


[Reduced] 

[Oxidised] 


in which the square brackets represent the con¬ 
centrations (g.-mol. per litre) of the forms en¬ 
closed therein and [ give the concentrations 
under true equilibrium conditions. Hence 


^^Ox-^Ued 

-AItTIzF) loge K~(RTIzF) loge 

/ 0 / 7 T, *.>1 I- 0-0001984T, [Red] 

.=(RTIzF) loge A-^-- logjo 

/w>rri rr /0'0591\ , [Red] 

---{RTIzF) loge j logic 

at 25°c. 

In view of the fact that the potential of the 
inert electrode, ^^ox-> Red» practice referred 
to the potential of the normal hydrogen elec¬ 
trode, arbitrarily assumed to bo zero, it is clear 
that the equilibrium constant, K, cannot bo 
evaluated from raoasuremonts of in a 

solution of which the concentrations [Rod] and 
[Ox] are both known. The expression, 
{RTjzF) loge Ky may, however, be easily 
evaluated, for it is the potential established when 
[Red]=[Ox] in the second term, 


{RTIzF) logo 


[Red] 

[Ox]’ 


then is equal to {RTIzF) loge 1=0, The term 

{RTjzF) loge is put equal to eox->Eed» 

and is known as the normal or standard oxidation- 
reduction potentialy or briefly standard redox 
potential. It thus corresponds with the potential 
established w^hen a particular system is 50% in 
its oxidised state and 50% in its reduced state. 

Applying the Isotherm to the various cate¬ 
gories to which reference has been made, it 
follows at 25°c. that for : 


1. Sn**** Sn**-f2F 


^Sn— Sn--®Sn" Sn-' 



[Sn--] 

[Sn--] 


2. Fe(CN),"'^Fe(CN),""+lf 

■®F«(CN)6"'_..F«{CN)s""=®F*(CN)4"'->.Fe(CN)e"" 


-0 0691 logia 


[Fe(CN).-- ] 

[Fe(CN),"'i 



156 


OXIDATION-REDUCTION POTENTIALS. 


3. HCrO/ l 7H -^Cr •4 4 H 2 O+ 3 F 


-{RTI3F) loge 


[HCrO/][H-]7 


In this example, unlike the foregoing, hydro¬ 
gen ions play an integral part in the reduction 
of the HCrO^' ions, and they, therefore, must 
be included in the equation. Hence the terra 
{RTfZF) loge A'=e, the standard 'oxidation- 
reduction potential, is the potential set up at a 
platinum electrode when [Cr***]=[HCrO/] 
and the concentration of hydrogen ions, [H‘], 
is equal to 1 g.-mol. per litre, or in terms of 
activities, when «Cr-•'^'®HCr 04 ' 

Hence 


■m 


[Cr-] 

’[HCrOJ 


J X 0-0591 


from the last term of which it can be seen how 
great an influence the concentration (or activity) 
of hydrogen ions may have on the effective 
oxidation-reduction potential, ^nCrO ' -> Gr ¬ 
and consequently on the efficiency of the HCr 04 " 
ion in promoting an oxidation chemically. 

4. This system represents the reduction of 
quinone, Q, to the doubly charged anion, Q", 
of hydroquinone, and, as the oxidised and 
reduced forms are isomeric. 


E^(RTI2F) loge 


-(HT/2F)loge 


/0-0591\ , 

r-(— 


10 [Q] 


A difficulty arises in regard to [Q"], which con¬ 
centration is determined by the extents to 
which the very weak acid ionisations : 


for which 


for which 


HaQ^ H*4HQ', 

.. [H-][HQ'] 

[HjQ] ’ 
HQ'=H+Q". 

[HQ'J ’ 


can occur, and this is largely dependent on the 
hydrogen ion concentration, [H‘], of the solu¬ 
tion itself. If the two constants, Kan 
the [H*] and the total initial concentrations of 
hydroquinone and quinone are known, [Q"] can 
be computed by means of the equality [Total 
hydroquinone]—[ H gQ imdissociated]-!- [ H Q']+ 
[Q"], and by incorporating the expression so 
obtained in the above potential equation, it 
follows that 

Q/'—(KT/2F) loge (KaiKa^ 
4(lir/2F)loge {[H‘]8-f 


Owing to the fact that hydroquinone in alkaline 
solutions is oxidised by means of the air, this 
equation is applicable only to acid solutions, 
from about pH 0 to pH 8, when incidentally the 
last two terms in the last expression become 
negligible in comparison with the first, 

Tlds, however, is not the case with other organic 
systems belonging to this category, e.g., anthra- 
quinone jS-sulphonate. 

The determination of oxidation-reduction 
potentials involves the setting-up of a cell 
wdvich may be represented schematically thus ; 

Solution contain- Saturated I N-KCI 1 
Pt ing oxidised and solution 1 Hg^CI J Hg 

reduced forms of KCl 1 1 

The platinum electrode, immersed in the 
“ redox ” system, constitutes one electrode, and 
the other is a standard half-element, su('h as the 
N. calomel electrode shown above. Between the 
two electrodes, or half-elements, a saturated 
solution of potassium chloride is inserted, in 
order to reduce the potential difference, which 
would be sot up at the point where the two half- 
element solutions meet, to a minimum—in all 
probability to eliminate it entirely. The plati¬ 
num electrode consists of a wire, or preferably a 
I piece of foil of about 1 sq. cm., fused on to a 
platinum wdre, the other end of which is sealed 
j into the closed end of a piece of glass tubing, the 
latter being filled with clean dry mercury into 
' which a copper wire, with an amalgamated end, 
dips. If it is desired to work at some specified 
temperature, then the whole cell should be 
placed in a thermostat. Ordinarily, this is un¬ 
necessary, for the potential of the standard half 
element with regard to the arbitrary hydrogen 
standard is known at different temperatures, and 
the eff'ect duo to temperature can be introduced 
in the calculation of the redox potential. 

Bright platinum foil electrodes are usually 
satisfactory, although circumstances may some¬ 
times arise wffien a covering with a thin deposit 
of platinum black may be an advantage. 

The E.M.F. of the cell is measured by means 
of the ordinary Poggendorf potentiometer, 
which may be either the metre-bridge wire type 
or the commercially produced box type, in con¬ 
junction with a sensitive high-resistance 
D’Arsonval galvanometer or a capillary elec¬ 
trometer. If accurate E.M.F.’s are required the 
potentiometer will have to be standardised by 
means of a standard Weston cell. The principle 
of the method is to balance the E.M.F. of the 
test-cell against an opposed potential difierence 
between two points on a uniform wire, the 
length of wire giving the balance being indicated 
by no deflection of the galvanometer which is 
placed in series with the teat-cell. The potentio¬ 
meter wire is supplied with a steady current 
from a 2-v. accumulator. 

A point to remember in setting up the test¬ 
cell is to prevent contamination with potassium 
chloride of the solution undergoing test, by 
plugging the ends of the inverted U-tube with 
asbestos, glass wool, or sintered glass. Filter 
paper or cotton wool may sometimes be service¬ 
able, but if these are used great oare must be 
taken to ensure that they are not being attacked 
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by the redox system. This applies more par¬ 
ticularly to stroDg oxidising agents, e.j/., potas¬ 
sium permanganate. 

If E’Sie^ox represents the potential difference sot 
up at the platinum electrode and ^'standard is the 
I)otential of the standard half-element used, then 
the observ^ed E.M.E. is given by; 

E. M. F .—Ejicdox “ E standard 


—eRedox"'^ 


'0-0001984T\ , [Red] 

- ^^Ox] 

“Fstaiidard 


In general, the platinum electrode is positive 
with respect to the standard electrode, and the 
above expression will apply, but in cases when 
A’liedox is less than ^standard, then the E.M.F. 
^Fstandard—A^lledox- The change in polarity will 
be readily observed from the fact that the test¬ 
cell connections will have to be reversed with 
respect to those of the accumulator stu ving the 
potentiometer. 

When FR< dox becomes very low, there is a 
very real danger that the reduced form in 
the “ redox system ” being investigated will bo 
oxidised by tlie air, and in such cases the elec¬ 
trode vessel employed must be closed and air 
prevented from gaming access to the solution by 
})aHsing through the solution an inert gas such 
as nitrogen or carbon dioxide. This applies to 
solutions containing powerful reducing agents 
such as chromous, titanous, and stannous ions. 

For most purposes, potential of the N. calomel 
electrode can be taken as +0-283 v. and that of 
the 0-1 N. calomel electrode as +0-337 v. with 
respect to the normal hydrogen standard {see, 
however, H. T. S. Britton, “ Hydrogen Ions,” 
3rcl od., London, 1942, Vol. I, pp. 20 et seq,). 

Table 1 gives the E.M.F.’s obtained by Peters 
at 17° c. of the cells : 


normal or standard reduction potential, 
(column 6, Table I) by means of the equation ; 


=Co-0-0575 log 10 


[Fe-] 

"[Fe-1 


in which, as the potential of the n. calomel elec¬ 
trode is given with respect to the arbitrary 
hydrogen standard electrode (n-H—O), Eh repre¬ 
sents the actual redox potenMal set up by any 
particular “ redox system ” of ferric and ferrous 
ions. Column 3 gives the percentage of oxidised 
ions, Fe*", in each mixture, a being the fraction 
of the total iron ions in the ferric state. Table I 
shows that Eh increases with the degree of oxida¬ 
tion, a, and that Eh—e^ at 50% oxidation. 

If Eh is plotted against a, it will be seen that 
between a—0-10 and 0*90 the increase is almost 
rectilinear, but between a—0 and 0-1 and also 
between a--0-9 and 1-0 the increases are ex¬ 
tremely rapid, in fact the equation indicates that 
when a—0 and 1-0 the values of Eh are — co and 
+ 00, respectively. These values, of course, are 
never realised experimentally. For purposes of 
potentiometric titration with oxidising or 
reducing agents, it is sufficient to consider the 
Eh values corresponding to any redox system 
_ [Red] 99 . [Red] 1 ■ , . 

foT] = T Yox] “ 09 ’ 

99 

initial Eh^eQ—{RTIzF) 2-303 log^Q y 

^ 00001984T 

=e„-2x-^- 

00 

and the ^nalEh=eQ—{iiTlzF)x2‘30*6 log^Q -• 

„ 0-0001984T 
=eo+2x-- 


Pt 


FeClg i^M) 
FeClg (0-l~a:)M 


O-In-HCI 


n-KCI 

HgaCU 


Hg 


Table I. 


[Fe-l 

[Fe-3 

a X 100. 

E.M.F. 

Eh. ! 

eo. 

da/dFft 

0-0995 

0-0005 

0-5 

0-290 

0-579 

0-711 

1 0-31 

0-090 

0-001 

1 

0-312 

0-595 

0-710 1 

I 

0-59 

0-006 

0-002 

2 

0-331 

0-014 

0-711 j 

1 1-82 

0-090 

o-olo 

■10 

0-375 

0-658 

0-713 'I 

/ 

1 7-69 

0-050 

0-050 

50 

0-427 

0-710 

0-7J0 / 

i 7-14 

0-010 

0-090 

90 

0-483 

0-760 

0-711 1 

/ 

1-76 

0001 

0-099 

99 

0-534 

0-817? 

0-702?/ 



In these early determinations of Peters, a 
saturated solution of potassium chloride was not 
interposed between the two solutions of the 
opposing electrodes. If, however, it be assumed 
that (i) the liquid junction potentials were of 
negligible dimensions, (ii) the inclusion of O-In- 
HCI completely repressed the hj^drolysis of the 
ferrous and ferric chlorides, (in) the ratios of 
the concentrations of ferrous and ferric ions were 
proportional to the concentrations of the respec¬ 
tive chlorides, it is possible to compute the 


In the case of the ferrous-ferric system at 17°, 
this means that the effective oxidation-reduction 
range Lies between Eh 

=Cq--2x 0-0575 V. and Eh 
=eo+2x0-0675 v. 

For the system : Sn***’ ^ Sn**+2F, Eh at 1% 
oxidation would be equal to Cq— 0-0575 v. and at 
99% oxidation, £'^~eo+0-0575 v. at 17°o. 

The dependence of Eh on the degree of oxida¬ 
tion, a, is known as the poising action of the 
“ redox system.” W. M. Clark has suggested 
that (da/dF;<) may be regarded as the poising 
index. 

For the examples given in the first three 
categories; 

Ei,^--eo-{nTlzF) 

where z is the difference in valency between the 
oxidised and reduced ions. Hence {dafdEh) 
=(zF/JRT)xa(l-a), thus giving the change, da, 
in a, which produces an increase, dEh, m Eh, 
equal to 1 v. The expression shows the im¬ 
portant influence which the valency change has 
on the poising index. The last column of 
Table I shows how the poising index varies with 
a, the poising being greatest between a*=0-1 and 
0-9. 
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Table II gives the values of Cy for a number 
of redox systems: 

Table II. —Normal Oxidatjon-Redhotion 
Potentials, in Volts. 


Co ’ -> Co** 


1*82 

Pb* **-> Pb•• 


1*75 

Mn*'** -> Mn 


1*()4 

Mn4'+4H- 

Mn 02 + 2 H 20 . 

l*G4 

Ce**** CeV 

100 

Mn*'* -> Mn* 


1*58 

MnO/+ 8 H- 

Mn** + 4H,0 

•1 *50 

C10,'+6H'CI'+3H,0 . 

1*44 

BrOj'+eH- - 

^ Br^4'3H20 

1*42 

HCrO/4-7H* 

—>■ Cr’**44H20 

1*30 

TI***~>TI* 


1*22 

lOg'+BH 

Jl 2 + 3H2b . . 

1*20 

V 02 *-f 2 H*- 

^VO'+HgO . 

1*00 

N03'+4H* 

NO+ 2 H 2 O . 

0*95 

2Hg" Hga' 


0*95 

Fe— Fe" 


0*75 

MnO/-->MnO/' .... 

0*06 

H 3 ASO 4 + 2 H 

-> HAsOj+H.O 

0*01 

Fe(CN),'"-> 

Fe(CN)/'" . . 

0*44 

Cu**->Cu* . 


0*16 

Ti— -)■ Ti" 


0*06 

Sn**** Sn" 


-0*15 

Cr*** Cr * . 


-0*41 


It will be noted that tlie oxidising agents appear 
at the head of the table and that the reduced 
forms of the systems show n at the foot of the 
table are the most efficient reducing agents. In 
general, the oxidised form of a sj’^stem higher in 
the table will oxidise the reduced form of a 
system lower in the table, and vice versat but 
whether the oxidation or reduction will proceed 
to completion will depend on the difference 
between the Cq of the two systems involved and 
the consequent possible overlapping of the Eh 
values corresponding to the oxidising system 
and the system undergoing oxidation. Another 
factor to consider, refers to systems involving 
hydrogen ions and the effect that their con¬ 
centrations may have on the Eh values, which 
actually determine whether a system will be able 
to oxidise another or otherwise. Thus in the 
reaction: 

H3ASO4+2H I ^ HAsOad 2H2O+ I2 
the Bq of the oxidising system : 

H3As 04+2H- -> HASO2 f 2H2O 

is 4-0*01 and that of the reducing system: 

4-0*62; in the presence of con¬ 
centrated hydrochloric acid the reaction pro¬ 
ceeds quantitatively in the direction of the top 
arrow whereas in solutions of pH 7-8 the reverse 
is the case. 

In the foregoing example, reference was made 
to the system; l'4--F. As this reaction 

involves iodine in the elemental state, the 
potentials set up at an iodine electrode are 
usually considered under the heading of electrode 
potentials; so are the potentials which exist 
between a metal, e.g., copper, and a solution con¬ 
taining ions of that particular metal, e.g., Cu”. 
The electrode equilibrium is Cu“ CuH-2jP, 
and the potentials set up are given by the ex- 


. 00001984T- L 

pression -log^o [M*+] whereas 

in the case of non-metal, R, which enters into 
equilibrium with anions, e.g.y iodine, the 

poieiitial Eh-^ Cq— ---logjo 2 being 

the valency of the ions, and R*". Strictly 
speaking, these electrode potentials are oxida¬ 
tion-reduction potentials and are compared with 
the N. hydrogen electrode standard in the same 
way as are the foregoing potentials. Table HI 
gives some standard electrode potentials, Cy, 
?'.e., potentials established at metal electrodes 
when immersed in solutions containing 1 g.-mol. 
of the respective ions per litre (or in which their 


activity a^ = l). 



Table iii. 


Au* 

Au. 

. +1*50 V. 

Au* 

•-> Au. 

1*30 

Hg- 

Hg. 

0*80 

Hgj 

•->2Hg . . . . 

0*80 

Ag- 

Ag. 

0*80 

Tl*" 

-> Tl. 

0*72 

Cu* 

> Cu. 

0*51 

Cu*‘ 

- Cu. 

0*34 

Bi*** 

Bi. 

0-23 

Sb** 

* -> Sb. 

. 0*1 

H*->H. 

0 

Fe* 

-> Fe. 

. -0*4 

Sn** 

-V Sn. 

. -010 

Pb** 

-> Pb. 

. -0*12 

Ni** 

-> Ni. 

. -0*22 

Zn** 

Zn. 

. -0-70 

Mg* 

Mg. 

. -1*55 

Na* 

Na. 

. -2*71 

iCK 

■>CI'. 

. fl*3G 

^Brj(aq.)-> Br'. . . . 

. -41*09 

1'. 

. 40432 


Taking the potentials given in Tables II and 
I III together, it is seen why a reducing agent 
I such as titanous or chromous chloride deposits 
gold from an auric salt solution, silver from silver 
! nitrate solutions, copper from copper sulphate 
solutions, and bismuth from bismuth salt solu¬ 
tions. The negative electrode potentials of the 
base metals, e.g., tin, magnesium, and sodium, 
explain why they behave as powerful reducing 
agents. 

Luther, in the so-called Luther’s Rule, gives 
the relationship which exists between the 
standard redox potential of a system involving a 
particular metal in two ionised forms and the 
standard electrode potentials of that metal in 
equilibrium with one type of ion and also in 
equilibrium with the other typo of ion. E,g.^ con¬ 
sider the case of thallium. In the ionised form, 
we have the redox system (i) Tl’*' TI'4-2F 

and we have also the two electrode systems: 

(ii) Tl- ->T|-4-3F; 

(iii) T|-->TI4-1JP’. 

System (ii), involving the reduction of tervalent 
thallium ions, Tl**', to metallic thallium, might 
have been carried out in steps, first to Tl* ions 
(i), and thence to metallic thallium, (iii). Clearly 
the free energy involved in the direct process, 
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(ii), must bo equal to the sum of the free energies 
of the two steps (i) and (iii). Hence 

-J(7(ii)=-“JG(i)-JG(iii) 
i.e.y W • • c-p,..._^y|.4 IF - Cy,._^ j, 

whence 3eT|..._^Tl“--2«TI--~>TI+l^TI->TI 

Substituting jj==0*72 v. and 

-1-22 v.,‘it follows that 0-28 v. 

The Term rH.—This term was first intro¬ 
duced by Clark (tJ.S. Hyg. Lab., Bull. No. 151, 
1928, p. 27) in order to express redox potentials 
in terms of the pH of the solution undergoing 
test and some function which would provide a 
measure of the actual oxidising intensity. This 
function was the term rH, but later Clark 
realised that the term did not always supply this 
measure and therefore advised that it should be 
withdrawn. Unfortunately, in some quarters, 
particularly industrial, the term was adopted 
and there appears to be every likelihood that it 
will be retained in use. 

As the process operating at a hydrogen elec¬ 
trode, supplied with hydrogen at a pressure 
equal to tt atmospheres, is essentially that of 
reduction: 

H* 

for wdiich Eh^{2<i03itTjF) logjo ([H’J/v'tt) {see 
H. T. S. Britton, op. cit., Vol. 1, p. 19). Clark 
considered that the of any redox system 
could be considered in terms of the hydrogen 
electrode at some appropriate pressure, tt, and 
for this purpose he put —logio rr- rH. Hence 

En-{2‘SiyMiTjF) log^o [H-]~-(2-303/2F) 

- (2‘303ItT/2F)(rH - 2i)H) 
-0-0000992T(rH~-2pH), 

so that if the pH value of the redox system is sub¬ 
stituted in this expression the value rH could bo 
calculated directly from the observed E^. By 
definition 

7r=-10“^®’ 

and therefore rH would be the negative ex¬ 
ponent to the base 10 of the pressure, v atmo¬ 
spheres, of hydrogen which would give the same 
E^i at the particular pH. Clark had hoped that 
rH would therefore give a measure of the true 
redox intensity which was independent of pH, 
but in complicated organic systems this w'as not 
always the ease. Thus in the reduction of 
quinone, Q, to the doubly charged anion of 
hydroquinone, Q"' (vide supra), we saw that 

+«H'J 

where e'=eQ_,.Q„-(K!r/2F) logo (KaiKai) 
and ^[H-]=(1I?'/2F) logo {[H-JH A'a,[H-] 

+^01^02} 

or, generally, for the comparable system 
^ OxT^H* —^ Red-l~2F 
AA=e'-(2-303JW’/2F) logi„ 


By comparing this expression with the n hydro¬ 
gen electrode expression, it follows that if 
0[H‘] were equal to {~2 303RTIF)p}i and 
[Red]—[Ox], then e' would be equal to 
(2-303i?T/2F)rH and thus rH would supply a 
measure of the redox intensity as was originally 
believed by Clark. The complex form of ^[H‘] 
shows it is not a simple linear relationship of pH 
as would be required if rH were to be of any 
material use. Where linear relationships hold 
rH is of importance and care should be taken to 
restrict its use only to siuL S5^8tems. To avoid 
confusion, it is better to give both the Eh and 
pH of the redox system, however. 

Redox Indicators. —Many dyestuffs are 
known which have different colours in the 
oxidised and reduced forms and w'hich con¬ 
stitute redox systems that are dependent on pH. 
Usually, their deductions obey the expressions 

FA.^e'+,^[H-]-0-0000992I’ logi„ 

SO that when [H*] is fixed, 

Fa-c"- 0 00009923’ log,„ I 
e" being equal to 

If a^fraction in the oxidised form, then 
1—a“= fraction in the reduced form, and if the 
intensities of the colours of the oxidised and 
reduced forms are directly proportional to their 
respective concentrations, then as 

F;i=e"-0 029 login at 18°c., 

it is possible to calculate Eh corresponding to 
any particular colour. For values of e" at 
various pH values for an extensive series of 
redox indicators, see H. T. !S. Britton, op* cit., 
Vol. II, pp. 14-16 ; Clark et al (U.S. Hyg. Lab., 
Bull. No. 151, 1928) and L, F. Hewitt (“ Oxida¬ 
tion-Reduction Potentials in Bacteriology and 
Biochemistry,” London County Council, 1937). 

A practical use of a redox indicator is that of 
Methylene Blue in the so-called Schardmger test 
in testing milk (v. Vol. VllI, 1066). 

A number of “ redox indicators ” have also 
been applied to the detection of end-points in 
oxidation-reduction volumetric titrations, but 
owing to their changing colour at high Eh values 
nearly all, except diphenylaraine and its deriva¬ 
tives, can only be used with titrants having high 
redox-potentials, e.g., with ceric sulphate. The 
Eh at which diphenylamine changes colour is 
-1-0-76. In order to use it as an internal indicator 
in the titration of a ferrous chloride with potas¬ 
sium dichromate in acid solution, it is essential 
to insert in the solution some reagent, e.g., phos¬ 
phoric acid or ammonium fluoride, which, in 
forming complexes with the ferric ions, removes 
them from the sphere of action and so keeps the 
redox potential of the Fe*’* ^ Fe** system be¬ 
low +0-76. 

H. T. S. B. 

OXIDISING ENZYMES. Oxidising en¬ 
zymes consist of the catalytic agents of the 
living cell that are responsible for the activation 
of substances which, in presence of the ceU, 
undergo oxidation or reduction. They are 
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usually classified in two large groups, one group 
embracing the enzymes that control reactions 
in which molecular oxygen (or hydrogen per¬ 
oxide) is (so far as is knoT^m) the solo oxidising 
agent, and a second group that comprises all 
enzymes which bring about reactions in which 
the oxidising agent is a substance other than 
oxygen or hydrogen peroxide. Enzymes of the 
first group are known as aerobic oxidases; those 
of the second group are referred to as anierobic 
oxidases or dehydrogenases. All reactions, con¬ 
trolled by oxidising enzymes, proceed, in the 
absence of such enzymes, either slowly or at 
rates which are not measurable under the con¬ 
ditions of temperature or h3^drogeii ion con<‘en- 
tration which pi-evail during the grow^th of the 
cell. The oxidising enzyme activates its sub¬ 
strates so that these undergo, under biological 
conditions, oxidations or reductions at rates 
very much greater than those which obtain in 
absence of the enz^’me. 

The great majority of reactions which are in¬ 
volved in ceU respiration, or in the anaerobic j 
changes A^■hich make up cell glycolysis and i 
fermentation {see Fekmentation, Vol. V, 8d; 
Glycolysis, Vol. VI, 73d), are brought about by 
oxidising enzymes. These are also sometimes 
referred to as respiratory enzymes. 

The following is a brief description of the 
general properties of dehydrogenases and aerobic 
oxidases. The subject of biological oxidations 
is now a very largo one, and a detailed account 
of the properties of oxidising enzymes and the 
systems in which they are involved is not 
possible in an article such as this. The reader is 
referred, for more complete details, to the 
various volumes of Annual Reviews of Bio¬ 
chemistry, Ergebnisse der Enzymforschung, and 
Advances in Enzymology, and to such books as 
C. Oppenheimer, “ Dio Fermente and ihre 
Wirkungen,” 5th ed., Leipzig, 1925 et seq.; 
J. B. S. Haldane, “ Enzymes,” London, 1930; 
J. B. Sumner and G. F. Somers, “ Chemistry 
and Methods of Enzymes,” Now York, 1943. 

DEHYDROGENASES. 

Dehydrogenases have been often defined as 
enzymes which activate the hydrogen of meta¬ 
bolites. This definition is derived from the 
Wieland hypothesis (1912) that before a sub¬ 
stance can be oxidised through the agency of an 
enzyme, hydrogen atoms of the substance must 
be made labile, or become activated. The labile 
hydrogen is transferred, in presence of the 
enzyme, to another substance such as a dye¬ 
stuff. The substance whose hydrogen atoms 
become activated by an enzyme was known as a 
hydrogen donator, and the substance which 
undergoes reduction became known as a hydro¬ 
gen acceptor. The enzyme responsible for the 
activation of the hydrogen atoms was defined as 
a hydrogen transportase, or more familiarly as a 
dehydrogenase. Thunberg®^ studied dehydro¬ 
genases of muscle using Methylene Blue as a 
hydrogen acceptor. Elrrlich had already found 
that a variety of living tissues including muscle, 
bacteria, and yeasts will reduce dyestuffs such as 
Methylene Blue. Thunberg showed that muscle 
tissue which reduces Methylene Blue under 


anaerobic conditions will not do so at an appreci* 
able rate when the tissue is washed. Reduction, 
however, takes place when substances such as 
sodium succinate, sodium lactate, sodium malate, 
sodium nitrate, etc., are added to the washed 
tissue (Thunberg ® ^). 

These substances are affected by specific 
dehydrogenases so that they become capable of 
reducing Methylene Blue and other hydrogen 
acceptors imder anserobio conditions. 

TMs work by Thunberg was followed by that 
of Quastel and his colleagues®®* ®®* ®^* ®® on the 
dehydrogenases of bacteria. Work with washed 
suspensions of bacteria (known also as resting or 
non-xiroliferating bacteria) greatly extended the 
knowledge of dehydrogenases and of the manner 
in which they take part in the oxidising system 
of the living cell. 

Equilibria in Presence of Dehydro¬ 
genases. —Quastel and Whotham®® were the 
first to show that a reversible oquilbrium between 
sodium succinate, sodium fumarate, Methylene 
Blue and leuco-Methylene Blue exists in presence 
of succinic dehydrogenase of bacteria. Thun¬ 
berg then found that the same equilibrium 
point is obtained in presence of succinic dehydro¬ 
genase of muscle. Later studies made it clear 
that the equilibrium point was always the same 
whatever the source of enzyme and whatever 
method was used to arrive at the equilibrium 
point. Moreover the equilbrium j)oint was 
identical with that deduced from thermodynamic 
data. These results are shown in Table 1. 

Table I. 

[Succiaatol" + Dyestuff 

^ [Fumarate]" 4-Lcucoilycstuff. 

Thermal data: 

[Succinate]" [Fumarate]"-f 2H++ 2(c) 

- -20,450 calories (25®C.). 

Experimental data: 


Source of 
enzyme. 

Method 

used. 

- JC/(25“) 
calculated 
from 
observed 
equili- 
briuiu 
point. 

Investigators. 

nesting Ji. 
coli. 

Colori¬ 

metric. 

-20,180 1 

Quastel and 
Whctham.53 

Horse skeletal 
muscle. 


-10,140 

Thunberg. 62 


1 Potentio- 
mctric. 

-20,100 

U'hunberg.62 

Beef heart 


-20,180 

Lehmann.'^i 


-20,140 

Borsook and 
Schott. 5 

Beef dia¬ 
phragm. 


-20,140 

1 


* J(/^Froe energy cliange. 


This discovery led to the finding by Wurmser 
and his colleagues of an equilibrium between 
sodium lactate and sodium pyruvate in presence 
of lactic dehydrogenase. It was then discovered 
that reversible equilibria exist in presence of the 
majority of dehydrogenases. Examples of these 
are shownn in Table II. It is thus apparent that 
a characteristic feature of a dehydrogenase is the 
existence in the presence of the enzyme of an 
equilibrium between the reduced and oxidised 
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oxmmm 

Table II. I 



Investigators. 

I^thyl alcohol 

Lehman n.'*^ 

Acetaldehyde + 2H 


/-j3-lIydroxybutric acid 

Green, Dewan, and 

Acetoacetic acid + 2H 

Lelolr.20 

Z-a-Hydroxyglutaric acid 

Weil-Mallicrbe.<^« 

^ a-Ketoglutaric acid + 2H 


uoPropyl alcoliol 

Wurinser and Wurm- 

-- Acetone + 2H 

ser.^o 

/-Malic acid 

Laki.4o 

Oxalacetic acid+2H 


Lactic acid 

Wuniiser and Mayer- 

^ PyruYic acid + 2H 

Jleioii.o'* 

Succinic acid 

(Quastel and Wliet- 

I'umaric acid + 2H 

hani.53 

Hypoxanthine 

Green.»» 

^ Xanthine+ 2H 

1 

Xantliinc 

Green. 3 8 

Uric acid f 2H 



forms of its substrates (e.g., succinate and 
fumarate, or la(;tate and pyruvate, etc.). The 
equilibria l)rouglit about by dehydrogenases are 
essential for the accomplishment of the cyclic 
processes which determine the course of 
respiratory metabolism of the living cell. 

Specificity of Dehydrogenases.—The 
demonstration that succinate and fumarate 
form a reversible equilibrium in presence of a 
dehydrogenase showed for the first time that 
both succinate and furnarato are activated by 
the same enzyme. Wieland’s concept of hydro¬ 
gen activation could not be correct, for this 
would not explain why a dehydrogenase should 
activate fumarate as a hydrogen acceptor. Thus 
it became clear that the enzyme activates not 
the hydrogen but the entire molecule of the sub¬ 
strate so that this becomes a hydrogen donator 
or acceptor according to the structure of the 
molecule {see Quastel®^). 

The deliydrogenases are either completely 
specific, i.c., they activate only the reduced and 
oxidised forms of their substrates, or they have 
a narrow range of specificity. Thus succinic 
dehydrogenase has little or no activating power 
on the homologues of succinic and fumaric acid 
—malonic, glutaric, and glutaconic acids ; there 
seems to be a feeble activating action on pyro- 
tartarie, mesaconic, and citraconic acids. Lactic 
dehydrogenase definitely activates a-hydroxy- 
butyric acid but less powerfully than lactic acid. 
It has, however, no activating action on jS- 
hydroxybutyric acid. The dehydrogenase acti¬ 
vating hydroxybutric acid and acetoacetic 
acid has no action on lactic and pyruvic acids. 
Formic dehydrogenase, the enzyme responsible 
for the oxidation of formate to carbon dioxide 
and water, exerts its effect apparently solely 
upon this acid. Choline dehydrogenase brings 
about the oxidation of choline 

NMegCHgCHjjOH 

and of arsenocholine 

AsMeaCHa-CHa-OH, 

the oorrei^onding aldehydes being formed, but 
it has no effect on colamine NH2*CH2‘CH2'OH 
or on ethyl alcohol. Alcohol dehydrogenase 
activates methyl, ethyl, propyl, and amyl 
VOL. IX.—11 
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alcohols, but it docs not alfe<it glycerol or a- 
glyccrophosphoric acid. Glucose dehydrogenase 
seems to activate only glucose. a-Glycerophos- 
I)hatc dehydrogenase has no action on the un¬ 
natural optical isomer of a-glycorophosphato or 
upon j8-glycerophosphatc. Malic dehydrogenase 
affects (/(-f l-malic acid to a lesser extent than 
/(—)-raalic acid; it appears to attack no other 
substrates, apart from oxalacetic acid. 

Inhibitors of Dehydrogenases.— In 
general, molecules similar in structure to a sub¬ 
strate may compete .reversibly with the sub¬ 
strate for an enzyme, although they may not 
be activated or undergo chemical change. This 
competition brings about an inhibition of the 
enzyme’s activity with the substrate (Quastel 
and Woolridge®'*). Thus with lactic dehydro- 
g(‘nase the following molecules when mixed with 
lactate strongly inhibit its velocity of oxidation ; 

CHglOH) COOH; 

COOHCOOH; 

CHO COOH; 

COOH CH(OH) COOH; 

CHgOH CH(OH) COOH; 

Et CH(OH) COOH; 

Ph CH(OH) COOH; 

Me CO COOH. 

The structure —C O • C O O H or 

—CH(OH) COOH 

seems to be common to all molecules competing 
with lactic acid for the enzyme, and would 
appear, therefore, to be necessary for the attach¬ 
ment of a molecule to the dehydrogenase. 

With succinic dehydrogenase, the following 
molecules compote with succinic acid for the 
enzyme: 

COOHCHg-COOH; 

COOH CHg CHg CH2 COOH ; 

Ph CHg CHg COOH; 

CH2(C00H) CH(C00H) CH2 C00H ; 

COOH CHMe CHa'COOH ; 

COOH CO CHa COOH. 

The structure in the substrates necessary for 
attachment to the enzyme appears to be 

^CCHjCOOH. 

Apparently, however, the presence of a second 
acid group increases greatly the affinity of the 
molecule for the enzyme. The competition 
between (say) malonate and succinate for the 
succinic dehydrogenase obeys the mass action 
law. The high affinity of malonate for succinic 
dehydrogenase has made malonate a very useful 
tool in the exploration of cell metabolism; for by 
means of malonate it is possible to suppress suc¬ 
cinate oxidation in the living cell and to discover 
by the changes in cell metabolism the part played 
by succinate oxidation in cell respiration and 
fermentation. At the same time malonate in¬ 
hibition of succinic dehydrogenase indicates how 
jA reversible enzyme inhibition may suppress or 
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poison coll respiration (and in consequence cell 
development). 

Molecules which combine with succinic 
dehydrogenase have little or no affinity for lactic 
dehydrogenase and vice versa. Xanthine de¬ 
hydrogenase, which activates xanthine, hypo- 
xanthine, 6:8-dihydroxypurino and 2-thio- 
xantkine, is inhibited by guanine, uric acid, 3- 
methylxanthine, 1-methylguanine, 7-mothyl- 
guanine, and l:7-dimethylguanine. But 1:3- 
dimethylxanthine, theobromine, and caffeine 
have little or no inhibitory effect (Coombs ’). 
The purine nucleus appears to be necessary for 
union with the enzyme, the combination being 
furthered by amino groups and retarded by 
methyl groups. Amine oxidase {vide infra) is 
reversibly inhibited by plicnyh'^opropylamine 
(“ benzedrine ”) and its derivatives. The com¬ 
bination of the amines (and of the isopropyl- 
amines which arc not activated with amine 
oxidase) obeys the laws of mass action (Mann 
and QuasteH®). The structure necessary for 
attachment to amine oxidase seems to be 
— CH(R)NR 2 where R- H or alkyl. With 
diamine oxidase two basic groups in the sub¬ 
strate would appear to be necessary for attach¬ 
ment to the enzyme. 

Lactic dehydrogenase is inhibited by small 
quantities of pyruvate, whilst malic dehydro¬ 
genase is inhibited by both pyruvate and 
oxalacetate. Succinic dehydrogenase is in¬ 
hibited by oxalacetate. 

The inhibitive effects of cyanide, pyrophos¬ 
phate, and iodoacetate on some dehydrogenases 
are shown in Table III. 

Table 111. 


used for the study of dehydrogenases under 
anaerobic conditions, because of the technical 
advantage of following a colour change, other 
hydrogen ac(*eptors can also be used. Dinitro- 
eompounds have been employed. Recently, 
ferricyanide has been used in manometric studies 
of dehydrogenases under anasrobic conditions 
(Quastel and Wheatley^^). Ferricyanide is re¬ 
duced to ferrocyanide with liberation of acid. 
The acid reacts with bicarbonate which is 
added to the system, and the rate of evolution 
of carbon dioxide is measured manometrically. 

Coenzymes of Dehydrogenases. —Har¬ 
den and Young”* discovered that the process of 
glucose fermentation by yeast required the 
j)resence of a thermo stable substance which they 
called cozymase (v. Vol. Til, 250c; Vol. V, 166; 
V’ol. VI, 78c). It is now known that cozymase 
is the coenzyme of a number of dehydrogenases, 
i.e., these enzymes will not accomplish the reduc¬ 
tion of hydrogen acceptors such as Methylene 
Blue or of ferricyanide except in the presence of 
(‘ozymase. 

Warburg and Christian*’* showed that mam¬ 
malian red blood cells contained an enzyme 
which catalysed the oxidation of glucose-B- 
phosphate. The activity of this enzyme was 
found to depend upon the presence of a coenzyme 
which was isolated. The substance was found 
eventually to be composed of nicotinamide, 
adenine, ribose, and phosphoric acid, thus : 

Nicotinamiile -d-ribose-(phosphoric acid resi- 

due)3-d-ribose-adcnine. 

A little later, Euler, Albers, and Schlenk^® 
obtained nicotinamide from cozymase, the 
structure of which w as found to be as follows : 


Dehydrogenase. 

^0 

Inhibitions by 

HCN 

(0-002M). 

Pyro¬ 

phosphate 

(0*02m.). 

lodo- 

acetate 

(0003M.). 

Succinic . 

0 

75 

0 

Lactic .... 

0 

0 

0 

Alcohol 

0 

0 

92 

Xanthine . 

100 

0 

0 

a-GlycerophoH- 




phoric . 

0 

0 

0 


Arsenites and sodium fluoride show general 
toxicity to dehydrogenases at relatively high 
concentrations. 

Certain dehydrogenases require — SH groups 
for their activities and reagents which immobilise 
such thiol groups inhibit the dehydrogenases. 
Oxidised glutathione inactivates succinic de¬ 
hydrogenase, 2’ and the activity may be rostewred 
by treatment with reduced glutathione. A 
variety of reagents such as alloxan, maleic acid, 
and copper sulphate inhibit'succinic dehydro¬ 
genase under conditions where they will not 
inhibit lactic, malic, and a-glycerophosphoric 
dehydrogenases. These inhibitions are alleviated 
by treatment with reagents which restore the 
thiol group of the enzyme. 

Hydrogen Acceptors used with De^ 
hydrogenase Systems. —^Whilst Methylene 
Blue and other dyestuffs have generally been 


Nicotinamido-<Lribo8e-(pho8phoric acid resi- 

duo)2~d-ribose-adenine. 

The work of Warburg and his colleagues*^ 
made it clear that the coenzyme of hexose mono¬ 
phosphate oxidation undergoes reduction during 
the enzyme reaction, the hexose monophosphate 
becoming oxidised. The reduced form of the 
coenzyme is not autoxidisable but may be 
oxidised in a variety of ways. The reversible 
oxidation and reduction of the coenzyme ac¬ 
counts for its catalytic powers. Spectroscopic 
evidence made it clear that the nicotinamide part 
of the molecule is the seat of the oxido-reductive 
changes. Thus: 




+ 2H 


7 * 

R 






J 


CONH„ 


-fH+ 


Cozymase, the diphospho-nicotinamide-adenine- 
dinucleotide is widely distributed and is a co¬ 
enzyme for a large variety of oxidative enzyme 
systems. The triphospho-dinucleotide acts os a 
coenzyme for a smaller number of such systems. 

The various specific proteins with each of 
which cozymase combines reversibly are de¬ 
hydrogenases capable of activating many sub¬ 
strates and accomplishing their oxi^tion. 
Reduced cozymase is equally capable of com- 
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bining in a reversible manner with dehydro¬ 
genases, and activated substrates may oxidise 
the reduced coenzyme, themselves undergoing 
reduction. Equilibria are set up in the following 
ways: 

Lactate-f cozymase Lactic deliydrogenase 

Pyruvate-f reduced cozymase 


Ethyl alcohol-f cozymase Alcoliol deliydrogenase 

Acetaldehyde+ reduced cozymase 

Owing to the fundamental fact that combina¬ 
tions with the coenzyme is not restricted to one 
dehydrogenase, the coenzyme can act as a link 
between a variety of oxido-reductive systems. 
This is shown in the following example : 

p-Hydroxybuiyric and Lactic Dehydrogenases, 

CH3CH(0H)CH2 CH3COCH2 

•COOH (/ozymase •COOH 

4 " < -- + 

CH3 CO COOH CH3 CH( 0 H) 

•COOH 

The extent to which these interactions will pro¬ 
ceed depends upon the equilibrium constants 
between coenzyme and the specific dehydro¬ 
genases combining with it and also on whether 
a product of interaction is removed from the 
equilibrium system by a secondary change. 

It is, therefore, possible for cozymase to 

institute in the cell a whole chain of reactions 
involving transfer of hydrogen from one molecule 
to another as long as the appropriate dehydro¬ 
genases are present. Its function is that of a 
middleman capable of receiving hydrogen from 

various substrates activated by different 

enzymes and passing it on to other substrates 
activated by their enzymes. It regulates the 
speed and passage of hydrogen in the cell and 
in this way helps to control the rates and courses 
of intracellular oxidations. A list of molecules 
the oxidations and reductions of which are 
controlled in this way by cozymase is shown in 
Table IV. 

Tabi.e IV.^—^Molecules the Oxidations and 
Reductions of which are Controlled 
BY Cozymase. 


Substrate 
activated as a 
hydrogen 
donator by a 
dehydro¬ 
genase. 


<x-Glyceropho8- 



phate. 

Lactate. 

Aloohol. 

Glutamate. 


Halate. 

jS-Hydroxy- 

butyrafte. 

Glucose. 



Substrate 
activated as a 
hydrogen 
acceptor by a 
dehydro¬ 
genase. 


^Triosephos- 

phate. 

Phospho- 

glycerate. 

Pyruvate. 

Aldehyde 

- a-Ketoglutar> 
ate-t-NHs. 

Oxalacetate. 

Acetoacetate. 

(?) Gluconate. 


Reference. 


Killer, Adler 
and GUnther.i3 
Warburg and 
Christlan.67 
Straub.58 
Negelein and 
Wulff.48 
Euler. Adler, 
GUnther and 
Das. w 
Green. 

Green, Leloir, 
and Dewan.2i 
Hawthorne and 
Harrison. 26 


There is no reason to suppose that cozymase 
and reduced cozymase are any more than sub¬ 
strates for the dehydrogenases. Their affinities 
for a dehydrogenase are of the same order as 
those of the more familiar substrates, as in the 
case of alcohol dehydrogenase and acetaldehyde 
(Negelein and Wulff*®). They differ from such 
substrates, however, in their ability to combine 
with a large variety of dehydrogenases and are 
obviously so combined with the enzymes that 
th^y do not interfere with the approach of the 
more familiar substrates. As will be shown 
later, reduced cozymase must be capable of 
combination with, and activation by, still 
another class of enzyme, a flavoprotein. But 
here it passes its hydrogen to another nucleotide, 
woalloxazine-adenine-dinucleotide, wliich is a 
constituent of the fiavoprotein. 

Although neither nicotinic acid nor nicotin¬ 
amide can itself act as a coenzymo in dehydro¬ 
genase systems, the latter molecule may in¬ 
directly influence the kinetics of isolated 
oxidising systems. This is due to the fact that 
cozymase is broken down by a nucleotidase in 
the tissues and this hydrolytic enzyme has been 
shown by Mann and QuasteH® to be inhibited 
specifically by nicotinamide. Nicotinamide in 
fact stimulates the respiration of isolated tissue 
systems because it inhibits the breakdow'ii of 
cozymase, the integrity of which is necessary for 
optimal respiration. 


Riboflavin 

The isolation from yeast by Warburg and 
Christian,®®* ®^ of a conjugated protein which 
they called a “ yellow enzyme ” was followed by 
the isolation from egg white and milk by Kuhn, 
Gyorgy, and Wagner-Jauregg,®® and from whey 
by Ellinger and Koscharra,’® of a lactoflavin 
which seemed to be identical with the yellow 
compound associated with the yellow enzyme. 
Gyorgy, Kuhn, and Wagner-Jauregg showed 
that lactoflavin or riboflavin is identical with 
vitamin-i?2* The demonstration that this flavin 
can undergo reductions and oxidations in bio¬ 
logical systems served to focus attention on the 
possible part played by vitamin-Rg hi respiratory 
systems. 

A number of flavoproteins are now known to 
exist, each having specific catalytic powers in 
oxidative systems. The coenzyme or prosthetic 
group associated with the specific protein in¬ 
volved, is usually woaUoxazine-adenine-dinucleo- 
tide the structure of which (Kuhn, Reinemund, 
Kaltschmitt, Strobele, and Trischmann ; 
Karrer, Schopp, and Benz : 


M 

Me 






CO 

\nh 

I Adenine 

CO \ 


\ 


d-Ribose—Diphospho-group—d-Ribose 


has a remarkable similarity to that of the 
nicotinamide-adenine-dinucleotide. 

The tsoalloxazine nucleus, like that of nicotin¬ 
amide in cozymase, is the seat of oxido-reductive 
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changes. A list of flavoproteins having specific 
activating powers is shown in Table IV. These 
enzymes appear to be responsible for the oxida¬ 
tion of the reduced forms of the diphospho- and 
triphospho-nicotinamide-adenine - dinucleotides. 
Such enzymes are known as diaphorasos. The 
long familiar xantliino- and aldehyde-oxidases 
also are flavoproteins, whilst the oxidation of 
amino-acids, whether I- or d-, demands the 
presence of similar enzymes (see, however, 
Braunstein and Asarkh®). 

The flavin dinucleotides are for the most part 
firmly bound to their respective proteins and are 
not easily dissociated, but d-amino-acid oxidase 
seems to be exceptional in being easily split into 
its components. At pH 8*5 it dissociates to the 
extent of 90% and, although it behaves as a dis¬ 
sociated flavoprotein in solution, it precipitates 
out of solution as a conjugated protein. The 
reduced form of the oxidase does not appear to 
dissociate. 

The activity of the flavoproteins can be very 


high. One molecule of heart-diaphorase flavo¬ 
protein, for example, will catalyse the oxidation 
of 8,000 molecules of dihydro-cozymase per 
I minute by an oxidising agent such as Methylene 
Blue (Straub®^). 

The coenzymes of diaphoraso, aldehyde 
oxidase and d-amino-acid oxidase are identical, 
i.e., flavin-adenine-dinucleotide. Green, Moore, 
Noeito, and Ratner,^^ however, note that the co- 
enzymo concerned with the flavoprotein respon¬ 
sible for the oxidation of the Z-amino acids is not 
flavin-adenine-dinucleotide. 

The flavoproteins may be regarded as a 
special class of dehydrogenases. They activate 
their substrates, e.g.f reduced nicotinamide- 
adenino-dinucleotidos, amino-acids, aldehydes 
and purines {aee Table V), and bring about a 
transference of hydrogen to the coenzyme of the 
flavoproteins, i.e., usually flavin-adenine-dinu- 
clootide. They work anaerobically in exactly 
the same way as the more familiar dehydro¬ 
genases. 


Table V. —Flavoproteins with Specific Activatinq Powers. 


Source of 
flavoprotein. 

Substrates affected. 

Enzyme system. 

Ilcforencc, 

Yeast 

Reduced cozymase. 


r Euler and Hell- 


Reduced triphosphonicotinamide- > 

Diaphoraso. 

< strom.i® 


adenine-dinucleotide. J 


[Dewar and Green. 

Heart 

Reduced triphospho-nicotinamide- 

Diaphorase. 

Straub.®’ 


adenine-dinucleotide. 


Yeast 

Triphospho-nicotinamide- 'j 

adenine-dinucleotide. 

Cytochrome reduc¬ 
tase. 

Haas et 


Cytochrome. J 


Kidney . 

d-Amino-acids. 

d-Amino-acid 

Warburg and Chris- 


oxidase. 

tian.«® 

Milk . . 

Aldehydes. *] 

Purines (hypoxanthine). > 

Reduced cozymase. J 

Aldehyde oxidase. \ 
Xanthine oxidase. / 

rBall.2 

\Corran, Green et al.^ 

Kidney . 

/-Amino-acids. "1 

Z-Amino-acid 

Green, Moore, Noeito, 

Reduced cozymase. j 

oxidase. 

and Ratner.22 

Bacteria . 

Acetoacetic acid. 

Acetoacetic decar¬ 

Davies. 



boxylase. 

1 

Bacteria . 

Pyruvic acid. 

Pyruvic oxidation 

[ Lipmann.^* 



system. 


Yeast 

Fumaric acid. 

Reductase. 

Fischer and Eysen- 




bach.^’ 


The reduced flavoprotein is autoxidisable, and 
its oxidation is not inhibited by cyanide. Thus 
m oxidation catalysed by flavoprotein need not 
be sensitive to cyanide. The following is an 
example of a flavoprotein catalysed oxidation, 
involving three successive stages: 

(i) Hexose monophosphate -f triphospho - 
nicotinamide - adenine • dinucleotide 


BehydroKenase , 

-► Phosphohexonic acid 4- 

reduced triphosphonicotinamide - ade - 
nine-dinucleotide. 

(ii) Reduced triphosphonicotinamide - ade- 

nine - dinucleotide + flavoprotein 
Triphosphonicotinamide • adenine - di - 
nucleotide -f reduced flavoprotein. 

(iii) Reduced flavoprotein + Oj Mavopro- 

tcin “{“ HI 202* 


Theorell,*® however, pointed out that the rkte of 
oxidation of a flavoprotein at the oxygen ten¬ 
sions obtaining in living tissues is too sluggish to 
account for normal respiratory rates, and sug¬ 
gested that cytochrome may be involved in the 
re-oxidation of reduced flavoprotein in vivo. 
This would make a system catalysed by flavo¬ 
protein in the living cell sensitive to Cyanide. 
Haas, Horecker, and Hogness have now proved 
that the flavoprotein concerned with hexose 
monophosphate oxidation is indeed oxidised by 
the cytochrome system. Reduced flavoprotein 
is oxidised also by a dyestuff such as Methylene 
Blue, or by natural cell pigments such as pyo- 
cyanine. The reduction of these substances by 
dehydrogenase systems is made possible by the 
flavoproteins present. 

With the cyanide-sensitive respiratory systems 
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in which cytochrome is involved, it seems most 
likely that flavoproteins play a fundamental part. 
Indeed, recent work on the mode and site of 
action of narcotics in respiratory systems sug¬ 
gests that the flavoprotein is the most susceptible 
link in the chain of oxidative events (Michaelis 
and Quastol*’). 

Amino-acid Oxidases. 

Kisch found that many amino acids increase 
the respiration of isolated animal tissues and 
Bernheim and Bernheim ^ demonstrated the 
presence of an enzyme in liver suspensions which 
brought about the oxidation of proline and oxy- 
proline. Krebs showed that different enzymes 
present in liver and kidney are involved in the 
oxidative deamination of Z-amino acids and 
d-amino acids. He found that i-amino acid 
oxidase is a labile enzyme, inhibited by cyanide 
and octyl alcohol, whilst d-amino acid oxidase is 
relatively stable. Warburg and Christian®® 
have found that d-amino acid oxidase is a 
flavoprotein. The products of oxidation of the 
d-amino acid in presence of its enzyme consist 
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of the corresponding aldehyde, ammonia, and 
hydrogen peroxide. 

Nicotinamide and hoAUoxazine. 

As has been indicated, both these substances 
form, when combined as adenine-dinucleotides, 
intracellular carriers in chains of oxido-reduction 
systems, in the living cell. This appears to be 
their biological function independently of 
whether or not they form integral parts of 
enzyme structures. They allow a great variety 
of oxidations to take place under anjerobic con¬ 
ditions. These facts fully confirm the con¬ 
clusion, made for the first time by Quastel and 
Wooldridgefrom their work on bacterial 
growth, that intracellular carriers play an 
essential part in the metabolism of cells pro¬ 
liferating under anaerobic conditions. 

Aneurin. 

Another coenzyme of considerable importance 
is cocarboxylase, also termed the pyrophosphate 
ester of thiamine, aneurin or vitamin-Bj^. Its 
structure is as follows : 


-CH 

C—CHa 


CH 

II 

N— 


O O 

II II 


CH3— —V# n 2' 

II II I 

N-CNH, Cl 


in 


OH 


CH, 


Auhagen ^ discovered that carboxylase, the 
enzyme which breaks down a-keto acid into the 
corresponding aldehydes and carbon dioxide, can 
be separated into fractions, one consisting of a 
protein and the other of a thermostable factor 
termed cocarboxylasc. The fractions individually 
have no catalytic activity; together they have 
the catalytic activity of the original enzyme. 
Lohmann and Schuster*® showed that cocarb- 
oxylaso is the pyrophosphoric ester of vitamin- 
This coenzyme is now known, from the 
work of Peters and his colleagues to be 
essential for the oxidation of pyruvic acid in 
animal tissues. It is also known to bo essential 
for the oxidation of acetic acid in certain bacteria 
(Quastel and Webley®^). The mechanism of 
action of this coenzyme is not yet clear. 


AEROBIC OXIDASES. 

The aerobic oxidases as a group appear to 
require coenzymes or “ prosthetic ” groups 
which usually contain the metals iron or copper. 

Iron-containing Enzymes. 

The most important of these enzymes are 
catalase, peroxidase, and cytochromeoxidase; 
strictly speaking catalase and peroxidase are not 
aerobic oxidases as they are not involved in 
catalysing oxidations by molecular oxygen. 
They are, however, intimately involved in oxida¬ 
tion systems. 'i* 

Catalase. —^Zeile and Hellstrdm’^ observed 
that the absorption spectrum of purified pre- j 


parations of catalase resembles that of iron 
porphyrin compounds, and that the activity of 
the enzyme seems to bo proportional to the con¬ 
centration of iron porphyrin in the preparation. 
The haeraatin present was found to be proto- 
haematin. The haematin could be separated 
from the protein of the enzyme and when it was 
coupled with the native globin of horse blood it 
was found to yield a compound which was 
identical spectroscopically with horse methaemo- 
globin. Thus the hacmatin of catalase appears 
to be identical with that of hsemoglobin. 
Catalase has been crystallised (Sumner and 
Bounce and its molecular weight estimated to 
be about 250,000. The number of iron atoms 
per molecule of catalase is four. Enzymic 
activity of catalase is directly related to the 
content of haematin, the combination of which 
with hydrogen cyanide, hydrogen sulphide, etc., 
entirely eliminates enzymic activity. The 
enzyme combines reversibly with nitric oxide, 
sodium fluoride, hydrazine, hydroxylamino, 
ammonia, and sodium azide to give spectro 
scopically well-defined compounds (Keilin and 
Hartree*®; Stem®®). From the similar be¬ 
haviour of methaemoglobin with these substances 
it has been concluded that the iron of catalase 
exists in the trivalent state. If hydrogen 
peroxide is added to catalase in the presence of 
hydroxylamino or sodium azide the three- 
banded spectrum of catalase becomes two- 
banded and the compound now combines 
reversibly with carbon monoxide showing that 
the iron of the catalase has been reduced to the 
divalent state. According to Keilin and Har- 
tree*® the following are the reactions involved 
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ill the decoinpoeitioii of hydrogen peroxide by 
catalase. 

4Fe • + 2H20a-4H*+202+4Fe“ 
4Fe--f4H*+02-4Fe“*+2Ha0 

2H202=2H20+0a 

The hseinatin of catalase when attached to a 
globin as in methsemoglobin has an activity 
which is only one millionth that of catalase. 
Hence the latter contains the specific protein or 
enzyme the coenzymo or prosthotio group of 
which is hjomatin. 

Peroxidase.—This enzyme, which catalyses 
oxidations by hydrogen peroxide, is another iron 
porphyrin complex united with a special pro¬ 
tein. It has been shown that in peroxidase the 
iron always remains in the trivalent state.®^ 
On addition of hydrogen peroxide, combination 
with the haematin takes place (1 mol. HgOg to 
1 mol. haematin) just as occurs with methaemo- 
globin. The complex of hydrogen peroxide and 
peroxidase is unstable and oxidises molecules 
such as hydroquinone or pyrogallol, regenerating 
the peroxidase. Apparentlj^ the enzyme may bo 
considered to be a compound of protohaematin 
with a native globin. The protein differs from 
that in catalase or mcthsemoglobin. 

Cytochrome Oxidase.—This enzyme cata¬ 
lyses the oxidation of the ferroeytochromes by 
molecular oxygen. The system cytochrome 
oxidasc-cytochromo-C' catalyses the oxidation 
of cysteine, catechol, adrenaline, and ascorbic 
acid. It seems also to be responsible for the 
oxidation of succinate activated by succinic 
dehydrogenase and of choline by choline de¬ 
hydrogenase. It also oxidises reduced flavo- 
proteina, and in this way takes jjart in the main 
respiratory chain of an aerobic living cell. 
Cytochrome oxidase is highly sensitive to 
hydrogen cyanide, hydrogen sulphide, and 
sodium azide at concentrations of 0-001 m. 
These substances apparently combine with the 
haematin moiety of the moiety immobilising the 
iron contained in it. Carbon monoxide in¬ 
hibits the activity of cytochrome oxidase, the 
extent of inhibition being determined by the 
ratio of the pressures of carbon monoxide to 
oxygen. The affinity of the enzyme to oxygen 
is five times as great as that for carbon monoxide. 
The ratio [Fe‘']/[XCO] (whore XCO represents 
the hsematin-carbon monoxide complex) depends 
on the ratio of partial pressures Pco/Poi; 

i.e., [Fe“]Pco/[XCO]Po 2 

is constant. 

The reversal of carbon monoxide inhibition of 
respiration by light was studied by Warburg, 
who concluded from the fact that iron carbonyl 
compounds are dissociated by light and from 
other relevant data that the “ respiratory 
enzyme ” was an iron porphyrin complex. The 
“ respiratory enzyme ” of Warburg is identical 
with cytochrome oxidase. 

COPPBB-CONTAINING EnZYMES. 

Oxidases which contain copper as an essential 
part of their enzyme systems include polyphenol 
oxidase (also tyrosinase), laccase, and ascorbic 
oxidase. 


Polyphenol Oxidase, also tyrosinase (found 
in plants, moulds, Crustacea, mollusca, insects) 
brings about the oxidation of adrenaline, tyro¬ 
sine, phenol, catechol, w- and p-cresols, pyro- 
gallol, 3:4-dihydroxyphonylalanine. It does not 
accomplish the oxidation of o-cresol, p-phenyl- 
enediamine, resorcinol, hydroquinone or as¬ 
corbic acid. Kubowitz®^ found a preparation 
of polyphenol oxidase to contain 0-2% copper, 
which could be removed by adding hydrogen 
cyanide and dialysing. The inactive enzyme 
thus prepared was reactivated by addition of 
copi>er. Keilin and Mann®® obtained a prepara¬ 
tion containing 0-.3% copper, and Dalton and 
Nelson® a preparation containing 0-23% copper. 
The copper of the enzyme cannot be replaced by 
iron, cobalt, nickel, manganese, or zinc. Under 
ana>robic conditions catechol plus catechol 
oxidase absorbs carbon monoxide thus: 

Catechol-1-Cu*’ enzyme 

o-Quinono+Cu* enzyme 

Cu' enzyine+CO 

CO complex of cuproenzyme 

In the absence of catechol the enzyme does not 
(combine with carbon monoxide, indicating that 
the enzyme when isolated is in the cupric state. 

Laccase, found in the latex of lac trees, as 
well as in a variety of plants and fungi, oxidises 
phenols to o- and p-quinones. It attacks 
guaiacol, hydroquinone, pyrogallol, p-phcnylene- 
diamine, but not tyrosine, resorcinol or p-cresol. 
Keilin and Mann ®®’ purified laccase from the 
lac tree and found it to contain 0-24% copper. 
The preparation is blue in cohjur. It is in¬ 
hibited, like other copper-containing enzymes, 
by sodium azide, hydrogen sulphide, hydrogen 
cyanide, and sodium diethyldithiocarbamide. 
Laccase, however, is not inhibited by carbon 
monoxide (in contrast to polyphenol oxidase). 

Ascorbic Acid Oxidase, found in many 
plants, e.g., cucumbers, bananas, lettuce, be.ins, 
and spinach, oxidises ascorbic acid to dehydro- 
ascorbic acid. It is inhibited by hydrogen 
cyanide but not by hydrogen sulphide or carbon 
monoxide. The purified enzyme contains 0*15% 
copper. It also catalyses oxidation of arabo- 
ascorbic acid, glucoascorbic acid, and galacto- 
ascorbic acid. 

The effect of potassium cyanide, hydrogen 
sulphide, sodium azide, and carbon monoxide on 
aerobic oxidases is shown in Table VI. 


Table VI. 


Enzyme. 

KCN 

H 2 S 

NaNj 

CO 

Ascorbic acid oxi¬ 
dase 

+ 


? 

? 

Cytochrome oxi¬ 
dase 

+ 

4- 

4- 

+ 

Polyphenol oxi¬ 
dase 

4- 

4- 

4- 

-f 

Laccase . 

4- 

4- 

4* 

— 

Tyrosinase 

+ ! 

4- i 

-f 

4- 

Catalase , 

4- 

4- 

+ 

4- 

Peroxidase 

4- 

4- 

H' 


[Methsemoglobin] 

4* 

4- 

4- 

, 

[Haemm] . 

4- 

— 

“ 

4- 


•f *= inhibition of enzyme. , 
— »“no inhibition of enzyme. 
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Amine Oxidate. 

This enzyme is identical with aliphatic amine 
oxidase (Pugh and Quastel tyramino oxidase 
(Hare **), adrenaline oxidase (Blaschko, Richter, 
and Schlossmann ^). It catalyses the oxidation 
of aliphatic or aromatic amines and amines of 
the type RCHg'NRg' where R'- H or Alkyl. 
It will not attack amino acids. Its spocjificity 
of action is shown in Table VII. Amine oxidase 


Table VII. 


Substrate. 

Relative rates 
of attack by 
amine oxidase. 

Methylamino. 

0 

Ethylamine. 

0 

Propylamine. 

7 

Butylamine. 

54 

Amylamino. 

19 

Heptylamino. 

5 

i^oPropylaminc. 

0 

?>oButylamine. 

9 

fsoAmylamine. 

105 

Alljdaminc. 

0 

Putrescine. 

0 

Cadaverino. 

0 

Aniline. 

0 

Benzylaminc. 

9 

jS-Phcnylcthylamino .... 

11 

)3-Phcnyl-a-hydroxycthylaminc . i 

46 

Tyramine. 

100 

1 ; 2 -Hihydroxyj)hcn 3 lethylamiiu?. 

140 

^-IndolethyJamino .... 

87 


is inhibited by molecules in which a methyl 
group is attached to the a-carbon atom, such as 
ephedrine or “ benzedrine'" The inhibition is 
reversible and the combination between enzyme 
and substrate (or inhibitor) follows the mass 
action law (Mann and Quastel^®). The enzyme 
is not inhibited by hydrogen cyanide. It reacts 
in the following way: 

R CHg NHRg'+HaO fOa 

^RCHO+NHaRa'+HgOg 

Diamine Oxidase. 

This enzyme brings about the oxidation of 
histamine, putrescine, cadaverinc, but not 
ethylenediamine. It docs not attack aliphati<‘ 
or aromatic amines or amino acids. Hydrogen 
peroxide is a product of oxidation {see Edlbacher 
and Zeller 1*; ZeUer 
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J. H. Q. 

OXYACANTHINE occurs in the bark of 
Berberis vulgaris (Fam. Berberidacete) or Bar- 
barv Bark, together with berbamino and ber- 
berme (Vol. I, 682(^, 683c). It is a colourless 
crystalline alkaloid of the bisooclaurine group 
(Vol. Ill, 230c; VI, 496d). Authorities differ 
as to the empirical formula, Ca^H^gOgN. (Vol. 
VI, 683c) or C37H4oOgNa (T. A. Henry, Plant 
Alkaloids,” 3rd ed. 1939, p. 351). 


J. N. G. 
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OXYCOCCIC^YANIN. 


OXYCOCCICYAN IN. An anthocyanin 
colouring matter occurring in the skins of Ameri¬ 
can cranberries {OxycocciLS macrocarpiis Pers.). 
It was first isolated by Grove and Robinson 
(Biochem. J. 1931, 25 , 1706) from fruits growing 
in Newfoundland and the Cape Cod area, and 
identified by them as 3-j3-glucosidylpeonidin 
chloride (Ill), which had been synthesised pre¬ 
viously by Levy and Robinson (J.C.S. 1931, 
2715). The method of isolating oxycoccicyanin 
was by extracting the skins with glacial acetic 
acid or 2% methyl-alcoholic hydrogen chloride, 
precipitating the colouring matter in the form 
of the chloride, purifying through ihejnerate and 
finally crystallising as the chloride by dissolving 
in 0*5% hydrochloric acid and adding 5% ethyl- 
alcoholic hydrogen chloride. Rectangular, pris¬ 
matic needles separated which were deep red by 
transmitted light and almost black in mass. 
Dried in air, the chloride is the trihydrate, 
C22^230iiCI, 3H20. It is rather soluble in 
0-5% h 3 ^drochloric acid, but much less so in 5% 
acid, forming red solutions which are rendered 
much bluer on adding alcohol. Sodium car¬ 
bonate added to an aqueous solution gives a rich 
violet colour, whicli remains unchanged for a 
time after addition of sodium hydroxide. On 
standing, the alkaline solution fades to greenish- 
j^ellow. When it is heated with hydrochloric 
acid it is hydrolysed to glucose and peonidin 
chloride (g.v.). Oxycoccicyanin was synthesised 
by condensing 2-O-benzoylphloroglucinaldohyde 
(I) with cu-tetra-acetyl-^-glucosidoxy-4-acctoxy- 
3-mcthoxyacetophenone (II) and subsequently 
removing the acyl groups from the flavylium salt 
obtained. The synthetic anthocyanin was 
crystallised by dissolving the crude chloride in 
0*5% hydrochloric acid and then adding 5 vol. 
of 5% ethyl-alcoholic hydrogen chloride. It 
separated on stirring in the form of dark brown, 
regular, flat needles of the dihydrate. 



PhCO O 


1 . 



0-C6H-0(0Ac)4 

II, 



OMe 



III. 


Like peonin—the 3:5-diglucoside of peonidin— 
oxycoccicyanin is very stable towards oxidation 
by dilute ferric chloride solution. The colour of 
its aqueous solution is rendered somewhat 
deeper by the addition of the reagent, but there 
is no other change. Peonidin, on the other hand, 
is easily destroyed. 

W* B. 


OXYGEN. Symbol O. 

History. 

The first recognition of the role of oxygen in 
nature would seem to date from the eighth 
century. The Chinese philosopher Mao-Kh6a 
then promulgated a theory based on his experi¬ 
ments, that all matter was composed of two 
fundamental elements, Yang and Yin. Yang 
(or “ more complete air ”) could be obtained 
pure by burning in air charcoal, sulphur, or cer¬ 
tain of the metals, which robbed the air of some 
of its Yin. Yin never occurred pure but could 
be obtained by heating certain minerals, of 
doubtful identity. Hho-siao was a mineral from 
which Yin could bo obtained readily. It was 
probably nitre. Mao-Khoa recognised that the 
Yin of the air was present in water, although 
here it was more closely bound to Yang, so that 
its separation was difficult. The important part 
taken by Yin in combustion and respiration w*as 
recognised. Leonardo da Vinci, towards the 
end of the fifteenth century, was the first Euro¬ 
pean to recognise the non-elemental character 
of air and to state that only one part was used 
in combustion and respiration. From this date 
until the recognition of the individuality of the 
gas oxygon in 1775, many investigators stumbled 
on the threshold of the discovery. Amongst these 
may bo included R. Hooke (“ Micrographia,” 
1665), who recognised that a constituent of air 
was also present in nitre, and Mayow (“ Traeta- 
tus quinque,” 1674), who extended this idea, 
showing that the active constituent of air, which 
supported combustion, formed only part of the 
atmosphere and that this same substance was 
present in nitre ; he termed this “ spiritus vitalis.” 
Borch (1678) and Hales (1727) carried this work 
still further; Hales, in fact, isolated a pure sample 
of oxygen by heating nitre and collecting the gas 
over water, but failed to recognise its character. 
The laboratory notes of the Swedish chemist, 
C. W. Scheele, are said to prove that he dis¬ 
covered oxygen sometime before 1773, though 
the account of his work was not published until 
1777. Meanwhile in England J. Priestley, during 
August 1774, obtained oxygen by heating mer¬ 
curic oxide in a glass vessel by means of the sun’s 
rays, concentrated on the oxide by use of a 
“ burning glass.” Priestley had, however, been 
in possession of the gas since “ before the month 
of November 1771.” The new element was 
termed “ fine air ” by Scheele, whilst Priestley 
referred to it as “ dephlogisticated air.” 
Lavoisier regarded it as an essential constituent 
of all acids and hence gave it its present name 
oxygen (from dfu?, acid, and yevvdo), I form). 

Occurrence. 

Oxygen is widely distributed on the earth in 
very large quantities, 50% of the earth’s crust 
consisting of oxygen. About 23-2% of the 
atmosphere by weight consists of free oxygen, 
but this amount is small in comparison with the 
oxygen in combination in the earth’s crust. 
Thus, water contains 88*8% of oxygen. Oxygen 
also forms a material part of rocks, since a great 
number of minerals contain combined oxygen 
in the form of silicates, carbonates, etc. No 
variation in the proportion of oxygen present 
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the atmosphere could bo dote(!ted during a care¬ 
ful investigation ((jarpcntor, J. Amer. Chom. 
8oc. 1937, 69 , 358), in which samples wore taken 
from widely differing areas of the United States 
of America. 

Oxygon is an essential constituent of animal 
and vegetable tissues and fluids. It is absorbed 
from the atmosphere by animals and plants 
during respiration, and given off by plants when 
they assimilate carbon dioxide from the air in 
sunlight, a fact established by Priestley in 1776. 
The abstraction of ox^^gen from the air b}'^ plants 
and animals is (’ounterbalanoed by the oxygen 
evolved by green foliage. 

i^y use of a spectroscopic method oxygen has 
been shown to be present in the sun. It is also 
found in meteorites. 

Preparation. 

There are a grc,at many methods available for 
tln^ preparation of oxygen, the particular pro¬ 
cess employed depending on the availability of 
materials and apyjaratus and the purity and cost 
of 1/he required oxygen. The available methods 
may be conveniently classed as follows : 

1. De.composilion of Oxid^is by JJeat.~~The 

oxides of the precious metals decompose on heat¬ 
ing to give oxygen and the metal. Aurous and 
auric oxides decompose at about 205°o., silver 
oxide at 250®c., and the oxides of palladium, 
iridium, mercury, and platinum at higher 
temperatures. The most familiar reaction of 
this class is the decomposition of mercuric oxide, 
2Hg0 = 2 Hg+ 02 , which so much of the 

history of o.xygen has cent red. 

A large numhor of peroxides and higher oxides 
are converted on heating to lower oxides, with 
the evolution of oxygen; e.gr,, manganese di¬ 
oxide, when heated to moderate redness, evolves 
oxygen ( 4 Mn 02 ^= 2 Mn 203 -}-Og)- The reaction 
begins at 550°c., but if the temperature is raised 
to 940°c. a further quantity of oxygen is evolved 
according to the equation 

6Mna03-4M 03044 - 02 * 

Lead dioxide heated above 310°c. decomposes 
into lead oxide and oxygen, and red lead, 
Pb 304 , when strongly heated, yields oxygen and 
a residue of load oxide by a reversible reaction. 
Barium peroxide is readily decomposed by heat, 
the reaction being reversible, and forming the 
basis of Brin’s process, 2Ba02—SBaO-hOa* 

2. Decomposition of Oxy-compounds by Heat, 
—Compounds rich in oxygen such as chlorates, 
perchlorates, bromatos, iodate.s, periodates, 
nitrates, persulphatos, dichromates, and per¬ 
manganates decompose on heating, evolving 
oxygen. The purity of the oxygen evolved is 
high, the nature of the impurities depending on 
the oxy-acid. 

Potassium chlorate, which is the most widely 
used laboratory source of oxygen, melts at 360- 
370'^c. and at 370-380®c. begins to evolve oxygen 
according to the equation 

2KCIO3-2KCI + 3O2. 

As the rea?ction proceeds, the mass becomes pasty 
owing to the formation of potassium perchlorate 
(m.p, 610°o.), and the evolution of gas slackens, 


4 KC 103 “ 3 KCI 044 “ KCI . On raising the tem¬ 
perature the perchlorate melts and oxygon of 
high purity is evolved. The decomposition may 
bo catalysed by the addition of certain oxides, 
|e.gr., MnOg, CrgOg, Fe20s, COgO,, NiO, 
VgOg, WO3, and CuO. Those catalysts are 
presumed to take part in a scries of chemical 
reaijtions in which the metal of the catalyst 
assumes a higher valency-state. 

The potassium chlorate decomposition in¬ 
volving manganese dioxide as a catalyst takes 
place steadily at 24()°c. and has been studied in 
detail. Traces of potassium permanganate and 
chlorine have been detected in the products, and 
the manganese dioxide undergoes a change of 
physical state during the reaction. It is sup- 
])osed, therefore, that the following consecutive 
reactions occur: 

2KCI034-2Mn02-2KMn04 I-CI 2 +O 2 ; 

2KMn04-K2Mn04f-Mn02+02; 

K2Mn04fCl2 =2KCI + Mn02-h02. 

Oxides of zinc and magnesium, which do not 
form higher oxides, have only slight catalytic 
action. 8pongy platinum is an active catalyst 
for the reaction, an elfoct which is attributed to 
the surface activity of platinum with respect to 
oxygen. 

Fatal accidents have occurred during the 
preparation of oxygen from manganese dioxide 
and potassium chlorate, due to coal dust present 
as an impurity in the manganese dioxide, and 
care should therefore be taken to ensure that 
such impurities are absent. 

The vapour of sulphuric acid passed through 
bricks at bright red heat is decomposed into sul¬ 
phur dioxide, water, and oxygen, and the pro¬ 
duct after scrubbing the gases is substantially 
pure oxygen. 

Potassium and sodium nitrates decompose at 
high temperatures to give the metal nitrite and 
oxygen, which, however, contains nitrogen and 
oxides of nitrogen as impurities. 

3. Decomposition^ other than Thermal, of 
Oxides and Oxy-compounds. {Chemical Reactions 
resulting in the Formation of Oxygen.) —Many 
peroxides yield oxygen when treated with water, 
e.g., 2Na202-i-2H20=4Na0H-}-02. This re¬ 
action can be conveniently adapted for use in a 
Kipp’s apparatus. Several commercial pro¬ 
ducts are described, all of which include sodium 
peroxide, a catalyst to control the reaction, and 
a substance to act as binder. Hydrogen per¬ 
oxide itself is decomposed by heat or by means 
of a catalyst giving oxygen of a high degree of 
purity, although the cost is high. 10% hydro¬ 
gen peroxide can bo readily decomposed by 
MnOg, Pb 304 , PbOg, K 2 Cr 207 , KMn 04 , or 
by K 3 Fe(CN )6 in alkaline solution. 

Chromic acid, manganese dioxide, and potas¬ 
sium dichromate evolve oxygen when heated 
with concentrated sulphuric acid: 

2 K 2 Cr 207 + 8 H 2 S 04 - 

2K2S044-2Cr2(S04)3 fSHaO f 30.,. 

By heating a mixture of calcium sulphate and 
silica, sulphur dioxide, oxygen, and a residue of 
calcium silicate are obtained, 
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A mixture of sodium nitrate and zinc oxide 
gives a mixture of nitrogen and oxygen on heat¬ 
ing, according to the following equation : 

2Zn0+4NaN03-2Zn(0Na)2+2N2+502. 

Aqueous solutions of alkali hypochlorites readily 
yield oxygen at the boiling-point in the presence 
of a catalyst. The required conditions are easily 
secured by passing a current of chlorine through 
a boiling concentrated solution of sodium 
hydroxide to which a small quantity of a cobalt 
salt has been added. The reaction cycle may 
bo represented by the following equations: 

2NaOH-l-Cl2- NaOCI f-NaCI+HgO. 
NaOCl4 CoO-NaCl f CoOj. 
2Co02'2Co04-02* 

By the action of chlorine on certain oxides at 
high temperatures, oxygon is evolved, e.g.y 
2 ZnO-h 2 CI. 2 ~= 2 ZnCl 2 +Og. Oxides of the 
alkaline earth metals, namely calcium, strontium, 
and barium oxides, and also lead and cadmium 
oxides, have been used in this reaction. 

Certain organic compounds which take up 
oxygen readily to form loosely bound molecules, 
can be decomposed on heating to give oxygon ; 
e.g.. rubeno, 



and its derivatives absorb oxygen in solution 
at room temperature and evolve it again when 
the solution is heated (Dufraisse, Bull. Soc. chim. 
1933, fiv], 53, 789). 

Oxygen of very high purity has been obtained 
by the electrolysis of barium hydroxide solution 
using platinum electrodes, and also by the 
thermal decomposition of pure potassium per¬ 
manganate. 

Fluorine is the only element which is sufli- 
ciently electronegative to bring about the in¬ 
stantaneous discharge of oxygen ions. The 
action of fluorine on water is expressed by the 
equation : Fg f HgO = 2H F-4 O (ozonised oxy¬ 
gen). 

Physical Properties. 

The electronic structure of the oxygen mole¬ 
cule, Og, has been studied by the method of 
molecular orbitals, by Mulliken (Kev. Mod. 
Physics. 1932, 4, 1). The molecule is assigned 
to the ground state, the paramagnetism of 
the molecule thus being accounted for, since 
this state has a resultant spin momentum. On 
the older electron-pair theory of valency the 
oxygen molecule is considered as having two 
common 2p orbitals. The O—O distance in 
the molecule in the ground state is 1*207 a. The 
interatomic distances in the various electronic 
and vibrational states of the molecule have been 
found by Babcock (Proc. Nat. Acad. Sci. 1937, 
23, 301) to vary between 1*2040 and 1*2528 a. 

The Gaseous State.—Oxygen is a colourless 
diatomic gas, which is commonly regarded as 
tasteless and odourless. J. B. S. Haldane states, 
however, that at 6 atm. pressure it possesses a 
definite taste. When examined through very 


thick or highly compressed layers oxygen pos¬ 
sesses a faint blue colour. 

A litre of oxygon at N.T.P. weighs 1*42901 g.; 
the molecular volume at N.T.P. is 22*4137 
4 : 0 * 0001 , a value which has been used as a basis 
for atomic-weight determinations (Moles, Compt. 
rend. 1942, 214, 424). The specific gravity 
(air=l) is 1*10527, a cubic foot of oxygen 
weighing 0*08921 lb. 

The viscosity, rj, according to Johnston and 
McCloskcy (J. Physical Chem. 1940, 44, 1038) is 
l,902*3x io-^e.G.S. units at 270°k.,1, 968*3 X KH 
at 280°k., and 2,015*3x 10”’ at 29(Pk. 

The thermal condu(!tivity, 1% is 5*83x 10 ~® 
cal. sec~i. deg“^. cm~^ (Kannuluick and Mar¬ 
tin, Proc. Roy. Soc. 1934, A, 144, 496). The 
ratio of the specific heats, y, is 1*396, a value 
which is characteristic of a diatomic gas; the 
molecular heats in g.-cal. per g.-mol. have been 
determined; at constant pressure, Gp=6*980 
+0*000188T-f-() 000000067T^, and at constant 
volume, Gy=4*982-f-0*0002rT+0*000000055T2. 
The temperature dependence of the specific heat 
at constant pressure in terms of absolute degrees 
Fahrenheit and British Thermal Units is given 
by the following equation : 

Gp=ll*515-(172/*v/T)}-(I-53x 103/7’) B.Th.H. 

per lb.-mol. 

The entropies and specific heats of gaseous 
oxygen from 400° to 5,4()0 °f. abs. have been 
tabulated by Gcyer (l^ngirieering, 1945, 159, 381, 
423). 

The r(‘fractivo index measured for the sodium 
D lino is 1*000270 (Stoll, Ann. Physik, 1922, [iv], 
4 , 69), oxygen being the least refractive of all 
gases. A characteristic, though not very strong, 
absorption spectrum is obtained by viewing the 
light source through a considerable thickness of 
the gas. The spectrum first appears in the form 
of a number of fine lines, but as the pressure is 
increased it shows a number of broader shaded 
bands, together with almost complete absorp¬ 
tion in the visible and ultra-violet. Six absorp¬ 
tion bands have been observed, including two 
strong bands in the red corresponding with 
tlie A and B Fraunhofer lines, with! wave¬ 
lengths from 6,340 A. to 6,225 a., a strong band 
in the yellow from 5,820 a. to 6,730 a., and 
feebler bands in the green at 6,360 A, and the 
blue at 4,810 A. Liquid and gaseous oxygen 
have practically identical absorption spectra, 
and in consequence the liquid has been studied 
in preference to the compressed gas. Very 
highly compressed oxygen is reported by 
Finkolnburg and Steiner (Z. Physik. 1932, 79, 
69), to possess continuous bands in the region 
2,300-2,900 A., not observed at ordinary pres¬ 
sures, and it is suggested that this is due to O 4 
molecules. 

The emission spectrum obtained in the dis¬ 
charge tube consists of the following main lines : 
red, A 6,168*2 a., green A 6,436*8,6,330*7 a., violet 
A 4,.368*3 A. 

The dielectric constant is 1*00060 at 293 °k. 
and 700 mm. pressure (Van Itterbeck and 
Spaepen, Physica, 1943, 10, 173), Oxygen is 
paramagnetic. ^Hector (Physical l^v. 1924, [ii], 
23, 209), gives a value of 108*2 x 10~® for the 
magnetic susceptibility at 20° c., whilst Burris 
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and Hause (J. Chera. Physics, 1943, 11, 442) 
obtain the value x=(106-3_L0*2)x 10~®. 

The solubiUty of oxygon in water follows 
Henry’s Law fairly closely. The table below 
gives values of the coefficient of solubility (i.e., 
the volume of oxygen absorbed by one volume 
of water when brought to equilibrium with pure 
oxygen under 760 mm. pressure) at different 
temperatures as determined by various observers. 



Bun- 


Bohr 


Adeney 

Temp., 

Winkler, 

and 

Fox, 

1905. 

and 

°c. 

1855. 

1891. 

Hock, 

1891. 

Becker, 

1919. 

9 

00411 

0-04890 

0-04961 

0-04924 

0-04660 

10 

0-0325 

0-03802 

003903 

0-03837 

0:03620 

20 

0-U284 

0-03102 

003171 

0-03144 

0-02966 

30 

— 

0-02608 

0-02676 

0-02665 

0-02479 

40 

— 

002300 

0-02326 

0-02330 

—- 

50 

— 

0 02090 

0-02070 

0-02005 

— 


Winkler gives the following formula for cal¬ 
culating the coefficient of solubility (j8) for 
oxygen in water at any temperature, t, from 0'^ 
to 3()“c.: 

j8-0-04800^()'()013413«+^ 

0000028:U2-0.0000002953i3. 

Fox gives an analogous expresfsion for the 
temperature interval 0-50"c.: 

)3-0049239-00013440M- 

0*0000287r)2f2-()-0000003024/3. 

A graphical representation of the solubility of 
oxygen in water from 32° to 212°f., and at 
pressures from 0-30 in. of mercury, is given by 
West (J. Ind. Eng. Chem. 1922, 14, 603). 

Rain-water is very nearly saturated with 
oxygen when its temperature as collected is 
below 15°c. During the summer months the 
dissolved oxygen is always loss than the satura¬ 
tion quantity, sometimes by as much as 25%. 
Nearly all natural waters contain oxygen in 
solution and can only bo freed therefrom by 
prolonged boiling in vacuum. The dissolved 
oxygon, though small in amount, is the source 
from which fish obtain the oxygen necessary to 
sustain life. 

The solubility of oxygen in sea wa ter at lG°c. 
is about 78% of its solubility in ])ure water. All 
salt solutions dissolve less oxygen than pure 
water. The gas is, for example, only very sparingly 
soluble in saturated solutions of very soluble 
salts, such as ammonium chloride. 

Oxygen is much more soluble in alcohol than 
in water, the coefficient of solubility being 0-2337 
at 0°c. and 0-2201 at 20°c. The coefficient of 
solubility of oxygen in organic solvents is 
generally greater than in water; e.g,^ at 20°c. 
in chloroform, p=^0'205; acetone, j8==0*207; 
ether, )3~0-415; and benzene, j5=0163. 

Oxygen is appreciably soluble in molten 
metals and to a lesser extent in solid metals. 
“ The nature of this solution appears to be one 
of oxide formation rather than pure solution ” 
(Wartenburg, Z. Eloktrochem. 1936, 42, 841). 
The solubility of oxygen in molten silver is very 
great, one‘ volume of the metal dissolving about 
ten volumes of oxygen, most of which is evolved 
again on cooling* The solubility curve for 


oxygen in silver has been calculated by Simons 
(J. Physical Chem. 1932, 36, 652), and deter¬ 
mined experimentally over a wide range of 
temperature and pressure by Steacie and John¬ 
son (Proc. Roy. 8oc. 1926, A, 112, 542). The 
solubility is proportional to the square root of 
the pressure. The solubility-temperature curve 
has a minimum at 400°c. The following values 
wore obtained: 

re. 200 300 400 500 

(Vol. or02)/(Vol. of Ag) at 

700 nun..0 138 0 095 0 08.5 0 093 

re. 600 700 800 

(Vol. of02)/(Vol. of Ag) at 

760 mill. 0-129 0 188 0-346 

Gold, platinum, and palladium in the solid 
state absorb oxygon at elevated temperatures. 
Iron at room temperature contains 0-006- 
0-003% of dissolved oxygen ; copper of high 
purity has been shown to contain 0-0018% of 
oxygen at 550°c. and 0-0070% at l,040°c. 

Wood charcoal can absorb oxygen at room 
temperature ; 1 g. absorbs 8-2 c.c. under normal 
pressure, according to McBain, whilst at lower 
temperatures the volume of gas absorbed in¬ 
creases rapidly, a fact which is made use of in 
removing traces of air from evacuated vessels. 
On heating, all the oxygen is removed. 

Liquid State.—Faraday, in his classical in¬ 
vestigations on the liquefaction of gases, did not 
obtain liquid oxygen, since the refrigerating 
agents which he used did not permit of the 
attainment of the critical terapcirature of the 
gas. Oxygen was first liquefied by Cailletet in 
1877 and also almost simultaneously by Pictet. 
The former invesl,igator effected the cooling 
merely by sudden expansion of the gas from a 
pressure of 300 aim,, and obtained only a mist 
of small globules of liquid oxygen. Pictet, 
however, cooled the gas, already compressed to 
320 atm., to —140°(^, a temperature which was 
obtained by the rapid evaporation of carbon 
dioxide. Liquid oxygen was first produced in 
sufficient bulk for a satisfactory examination of 
its properties by Wroblowski and Olszewki, who 
made use of liquid ethylene boiling under 
reduced pressure for the initial cooling of the 
gas. Those workers determined the following 
critical constants (1885): T.. ~~"118°c., 
atm., and F<*=0-00426. 

The critical pressure of oxygen is now ac¬ 
cepted as 49-7 atm.; the corresponding critical 
temperature is ~ 118-8°o., and the critical density 
0-430 g. per c.c. (Pickering, J. Physical Chem. 
1924, 28, 97). 

Liquid oxygen is a pale steel-blue, trans¬ 
parent, and very mobile liquid. The boiling- 
point has been variously determined, the most 
probable value being —182-02 d:0-03°c. at 
760 mm. (Aoyama and Kanda, Bull. Chem. Soc. 
Japan, 1935, 10, 472). Between 0-05 and 49-7 
atm. the vapour pressure is represented by the 
following equation (Dodge and Davis, J. Amer. 
Chem. Sue. 1027, 49, 610): 

logio2?atm.“= “ 372-808/T-f 4-18939-00006195r 
or by a simpler form: 

logio i’atm. = -366-523/J'+4-06296. 
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The liquid density has been determined by 
many observers, the results showing considerable 
divergence. The variation of density with 
temperature was determined by Inglis and 
Coates (J.C.S. 1906, 89, 886 ); Dy-1-5154- 
0-00442T (where T is the absolute temperature). 
The density at the boiling-point as determined 
by Onnes and Perrier (1910) is 1-14. 

Grunmach (Ann. Physik, 1907, [iv], 22, 107) 
obtains a value of 13*074 dynes per cm. for the 
surface tension at the boiling-point. The 
viscosity, 17 , of liquid oxygen, according to 
Rudenko (J. Exp. Theor. Physics (IT.S.S.R.), 
1939, 9, 1078), is 19-Ox ] 0 -» C.G.S. units at 
90- Tk. 

The refractive index at the boiling-point for 
A 5,461 A. is ] -2242. 

Idle coefficient of expansion with rise of tem¬ 
perature at —250°o. has been determined by 
Onnes as 0*00157. The specihe heat of liquhl 
oxygon is 0-400 g.-cal. per g. at —215*7®c., and 
0*394 g.-cal. per g. at —200*1 °c. The heat of 
vaporisation at the boiling-point under 760 mm. 
pressure is 50*92 g.-cal. per g. (Alt, Ann. Idiysik, 
1906, [ivj, 19, 739). 

Liquid oxygen is a non-conductor of elec¬ 
tricity, but it is strongly magnetic, its magnetic 
moment being equal to 1 when iron is considered 
as 1,000. The magnetic susceptibility in mass 
units is 241xl0~® at —183"c. The dielectric 
constant at the boiling-point is 1*463. 

Nitrogen from the air is absorbed readily by 
liquid ox 5 ^gen, a fact which probably accounts 
for the discrepancies in the values of some of the 
physical constants. 

Solid State.—Solid oxygen, obtained by the 
rapid evaporation of liquid oxygen or by use of 
liquid hydrogen, is a hard, pale-blue doubly 
refracting, crystalline mass, melting at —218*81 
if-0*05°c. (Giauque and Johnston, J. Amer. 
Chem. Soc. 1929, 51, 2,300). 

The density at —252-5°o. is 1*4256, and the 
variation with temperature is represented 
by the equation : 

Z>=l-5154-0004420(i-f273). 

The effect of pressure on the melting-point has 
been shown to be represented by the equation : 

logio(l,081-8-p)==4*1381 logioT-4-145465. 

The triple point, by extrapolation, lies at 54-32 °k. 
(Lisman and Keesom, Physica, 1935, 2, 901). 

The heat of fusion is 3*3 g.-cal. per g. at 
-219°c. 

The magnetic susceptibility has the following 
values : x==375x 10“® at —253°c., 436x 10“* at 
—259°o., and 500 x 10“® at —260®c. 

Solid oxygen occurs in three modifications, 
a below 23*5°K., p from 23-6 °k. to 43*5 ^k., and 
y from 43*5 °k. to the melting-point. The crystal 
structures of the a- and j 8 -forms are still in some 
doubt, although it has been suggested that the 
/^-structure possesses a trigonal (rhombohedral) 
cell containing six molecules {a 6*19 a., a= 99 *l®, 
corresponding to a density of 1*395). However 
the y-form gives X-ray powder diagrams which 
correspond with a cubic cell (a=6*83 A.), con¬ 
taining eight molecules, corresponding to a 
density of 1*30. The lattice of the y-form 
belongs to the space-group 


Colloidal State.—Oxygen has been obtained 
in the colloidal form by Krause and Kapitanezyk 
(Kolloid-Z. 1935, 71, 55). The method employed 
was to dilute distilled water saturated with 
oxygon by means of a largo volume of 18*55- 
19 * 60 n. sodium hydroxide solution. The col¬ 
loidal particles jiroducod wore 5 ra/x. to 3 m/x. in 
diameter. 

Oxygen as a Basis for Atomic Weights. 

Dalton (1803) originally selected hydrogen, 
having the lowest atomic weight, as an arbitrary 
standard for atomic weights, but the incon¬ 
venience of this choice was soon recognised, 
since few stable hydrides existed and hence in¬ 
direct comparisons were necessary. Berzelius 
(1830) employed the standard 0^100. Dumas, 
using the hydrogen scale, found 0 — 15*96, and 
regarded the value 16 as probably correct. Stas 
(1860) suggested that the standard be taken as 
0-^16, but this met with little support at that 
time siiu'c it would have involved very little 
change in the accepted values of the atomic 
weights. However, during the period 1888-95 
the use of 0-16 as a basis for atomic weights 
became accepted and is now adopted by inter¬ 
national agreement. 

The announcement of the discovery of an 
isotope of oxygen of mass 18 in 1929 by Giauque 
and Johnston (Nature, 1929, 123, 318), necessi¬ 
tated a reconsideration of oxygen as an atomic 
weight standard. i®0 —16 0000 was chosen as 
the basis of the “ physical atomic weights,’ ’ 
determined by means of the mass spectrometer. 
A knowledge of the relative abundance of the 
oxygen isotopes is necessary to determine the 
conversion factor of “ physical ” to “ chemical ” 
atomic weights. Several values have been 
quoted, the most recent and probably the most 
reliable being 500-^15, 4*9 

±0*2 ; thus the physical-to-chemical mass-scale 
conversion factor is 1 *000275^0*000009 (Murphy 
Physical Rev. 1941, [ii], 59, 320). 

An examination of the constancy of the 
abundance of oxygen isotopes, and has 
revealed a variation occurring in samples of 
water taken from the sea, inland waters, the 
atmosphere, and snow (Bleaknoy and Hippie, 
ibid. 1935, [ii], 47, 800). This variation is as¬ 
sumed to be due to natural exchange reactions 
leading to the enrichment of one isotope. Dole 
(J. Chem. Physics, 1936, 4, 268) found a differ¬ 
ence of 0*00011 units of atomic weight between 
oxygen from Lake Michigan (U.S.A.) water 
(taken exactly as 16*000000) and the oxygen of 
air (16*000108). If the atomic weight of oxygen 
in the water from Nevada Hot Springs is taken 
as 16*000000, the atomic weight of the oxygen in 
Lake Michigan water is 16*000034 and that of 
atmospheric oxygen is 16*000142. The varia¬ 
tion in the atomic weight of oxygen does not 
apparently affect the experimentally determined 
values of the chemical atomic weights, but for 
refined atomic-weight determinations a simul¬ 
taneous isotopic analysis of the oxygen may be 
necessary. 

Isotopes of Oxygen, 

The evidence for the isotope announced 
by Giauque and Johnston in 1929 (Nature, 1929, 
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123, 318) was presented later in the same year 
(J. Amer. Cliem. Soc. 1929, 51, 1430). It con¬ 
sisted of an examination of the atmospheric 
spectrum from data already obtained by JMeke. 
and Babcock (Proc. Nat. Acad. Sci. 1927, 13, 
670), in which the lines of a very faint A' band, 
appearing as duplicates of the lines of normal 
oxygen A band, agreed very closely with the cal¬ 
culated absorption for an oxygen molecule 
leQiso. Further examination revealed the 
presence of present in smaller quantities 
(J. Amer. Chem. 8oo. 1929, 57, 3528). 

Many attempts have been made by different 
methods to concentrate Clusius, Dickel, 

and Becker (Naturwiss. 1943, 31, 210) have 
obtained 99 0% pure the impurity con¬ 
sisting of The method used Avas that 

of thermal diffusion, six units of total length 
82 m., with a heating wire of a platinum alloy 
and water cooling, were used, the total power 
being 7 kw. A total of 250 c.c, of ^^©2 was pre¬ 
pared in the course of 1J years; as an inter¬ 
mediary 90% was isolated. The platinum 
wire is stated to establish the equilibrium 

2ie0^«0^^«02+i«02. 

The fractional diffusion method of Hertz (Z. 
Physik, 1934, 91, 810) apd Barwich {ibid. 1936, 
100, 167) gives a sufficiently increased con¬ 
centration for experimental work, but the 
quantity obtained is small. 

The vapour pressure of differs only 

slightly from that of H2^®0. Wahl and Urey 
(J. Chem. Physics, 1935, 3, 411), found that the 
ratio of the vapoui* pressures of H 2^^0 and 
is 1-012 at 11-25'^c. and 1 0077 at 4G-35^c.; 
by extrapolation the figure at 100°c. is 1‘003. 
Many attempts have been made to utilise these 
data in distillation processes to obtain water 
enriched with The most recent attempt 

was that of Thode, Smith, and Walkling (Canad. 
J. Res. 1944, 22B, 127), who by use of three 
25-ft. columns packed with “ Hydrite ” aggre¬ 
gate operated in cascade for 120 days, obtained 
150 ml. of water enriched 6-5-fold in and 
2-7-fold in Several experimenters pre¬ 

viously used copjjer fractionating columns, 
notably Brodskii and Skarre (Acta Physicochim. 
U.R.S.S. 1939, 10, 729) and Huffman and Urey 
(Ind. Eng. Chem. 1937, 29, 531). The latter 
workers used a fractionating column built in 
seven sections; each section was 5 ft. long and 
6 in. in diameter and was fitted with 87 sta¬ 
tionary and rotating cones which served to 
provide a large exchange surface. A few 
hundred c.c. of 0-85% H2^®0 were obtained in 
this way. 

The possibility of the electrolytic separation 
of oxygen isotopes has been examined, and the 
separation factor shown to be 1-008 (Hall and 
Johnston, J. Amer. Chem. Soc. 1935, 57, 1515). 
A somewhat higher value of the separation 
factor, viz. 1-034, is reported by Tronstad and 
Brun (Trans. Faraday Soc. 1938, 34, 766), and 
it thus appears possible that the value of the 
separation factor depends on the nature of 
the electrode material or the conditions of the 
electrolysis,. By using the figure 1-008 for the 
separation factor it has been estimated that 
the redaction of an entire ocean would less than 
double the concentration of the heavy isotopes 
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of oxygen (Johnston, J. Amer. Chem. Soc. 1935, 
57, 484). 

Separation of the heavier isotope has been 
achieved using exchange reactions. Below aro 
listed three typical reactions with the equilibrium 
constants measured at 298-1 °k:. : 

. 1-028 

iCi«02+H2^«0^^Ci‘^02+H2i^0 . 1-054 

ii«02+ ^ ii«02 b . 1-020 

The relative proportions of heavy to light 
oxygen in air and water depends on the equili¬ 
brium shown in the last equation being set up. 
Normally a relatively high temperature and a 
catalyst are required for the equilibrium to be 
established, but it is possible that in nature it 
may be attained relatively rapidly in the strato¬ 
sphere under the influence of ultra-viplet radia¬ 
tion from the sun (Dole, J. Chem, Physics, 1936, 

4, 272). The second reaction may also bo in¬ 
volved, whereby carbon dioxide rich in is 
produced and absorbed by plants with subse¬ 
quent liberation of 

The determination of the proportion of heavy 
oxygen in water may be made by density 
measurement. An accuracy of the order of ono 
part per million may be obtained after careful 
purification of the water, including a “ normal¬ 
ising ” process, such as exchange with am¬ 
monium cldoride, to remove enriched deuterium. 
ISO in organic', compounds is determined by 
combustion with excess hydrogen, using a crack¬ 
ing surface of granulated quartz coated with 
platinum followed by a nickel catalyst contain¬ 
ing 2% of thorium (Russell and Fulton, Ind. 
Eng. Chem. [Anal.], 1933, 5, 384). 

Cohn and Urey (J. Amer. Chem. Soc. 1938, 
60, 679), described a method using the mass 
spectrometer. A known weight of water to be 
analysed is shaken at room temperature with a 
known volume of carbon dioxide until equili¬ 
brium is reached (2-3 hours). The j)roportion 
of in the carbon dioxide is then readily 
determined by using the mass spectrometer. 

The refractive index of water containing 
heavy oxygen can bo calculated from the ex¬ 
pression obtained by Lewis and Luton (J. Amer. 
Chem. Soc. 1933, 55, 5061), J/z—0-0008y, where 
J/z is the difference in /z at 25°c. over ordinary 
water and y is the increase in mol. fraction of 
heavy water. The refractive index can thus be 
used to follow heavy oxygen enrichment in water. 

The masses of and on the physical 
scale have been computed from optical data as 
17-0029 and 18-0065 (Birge, Phvsical Rev. 1931, 
[ii], 37, 841). Stetter (Z. Physik, 1936, 100, 
652), from consideration of the radioactive ex¬ 
citation reaction -> ^H, derives 

the value of the mass of as 17*0046. 

interchange has been used to study a 
variety of reactions. Most notable is the in¬ 
vestigation of oxygen interchange between 
oxy-anions and solvent water. Winter, Carlton, 
and Briscoe showed that no exchange occurs 
between and sulphates at 100®o. in acid, 

neutral, or alkaline solution (J.C.S. 1940, 131). 
However, according to Hall and Alexander , 
(J. Amer. Chem. Soc. 1940, 62, 3455), the change 
is catalysed by hydrochloric acid. The exchange 
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has been shown to occur slowly in the case of 
SiOg", BO/, BO/', B4O/', CrgO/', CrO/', 
MoO/', WO4", CO3", Mn04', IO3', SeOa", 
SO 3 ", S 2 O 3 ", ASO 4 ", ASO 4 '" but not with 
NO2', CIO4', CIO3', and Se04". The chief 
mechanisms proposal to account for these ex¬ 
change reactions are summarised below : 

(i) Dehydration, followed by hydration. This 
appears to be the mechanism whereby silicates, 
borates, and possibly chromates, exchange. 

(ii) Hydration, followed by dehydration. This 
probably plays a part in the case also of borates 
and in the case of carbon dioxide. 

(iii) Temporary covalency increase. 

Difficulty has been experienced, however, since 

not all of the interchange reactions can be ex¬ 
plained in terms of these three comparatively 
simple mechanisms. 

Monita (Bull. Chem. Soc. Japan, 1940, 16, 47, 
226, 298)', has examined the isotope exchange 
between gaseous oxygen and water vapour on 
catalytic oxide surfaces. The rate of exchange 
on aluminium oxide surfaces was found to be 
almost independent of the composition of the 
gas mixture, indicating that the determining 
factor is the activated absorption of water on the 
oxide surface. 

Using the Beckmann rearrangement 

has been shown to proceed by means of an inter¬ 
mediate dehydration. Acylation of Et^®OH 
with acetic anhydride show ed that the resulting 
ester contains one oxygen atom from the alcohol 
and one from the anhydride, whilst the alkaline 
fusion of sulphonates using Na^®OH showed 
that the reaction proceeds by elimination of 
S 03 Na and addition of ONa (Brodskii, 
Dedusenko, Makolkin, and Miklukhin, J. Chem. 
Physics, 1943, 11, 342). 

The exchange between the oxygen in water 
and organic compounds has been studied by a 
large number of workers, a wide variation in the 
velocity of the exchange being found. For 
example, with methyl alcohol there was no 
exchange at 100°c. for 7 hours, nor at 25^c. for 
24 hours in the presence of acid. Acetaldehyde, 
on the other hand, was completely exchanged at 
25°c. in 24 hours, by, it is proposed, a mechanism 
involving the formation of 

yOH 

CHgCH 

^OH 

Day and Ingold (J.C.S. 1939, 838), used WQ 
to study the mechanism of hydrolysis of car¬ 
boxylic acids. The heavy oxygen isotopes have 
also found a use in biological research, e.gf., 
animal respiration was studied using an ^** 0 - 
enriched atmosphere, and it was shown that the 
oxygen enters directly into the carbon oxidation 
and is exhaled as carbon dioxide (Day and Sheel, 
Nature, 1938, 142, 917). 

Atomic and MoLEOt7i.AB Oxygen. 

Oxygen exists in four forms, atomic oxygen, 
consisting of single atoms, normal oxygen, con¬ 
sisting of diatomic molecules, ozone, consisting 
of triatomic molecules, and a further form con¬ 
taining four oxygen atoms. 

Atomic oxygen may be produced by streaming 


molecular oxygen at a pressure of about 1 mm. 
through an electrical discharge. The apparatus 
is similar to that used for producing and studying 
atomic hydrogen, the gas passing away from the 
discharge consisting of a mixture of molecular 
and atomic oxygen. The recombination of two 
atoms to form an oxygen molecule and the com¬ 
bination of an atom and a molecule to form ozone 
can occur only as a three-body collision or on a 
solid surface, and hence the concentration of 
ozone in the mixture increases as the tempera¬ 
ture is lowered. The energy of activation of the 
process O-l-Og ^Og, is only 4 kg.-cal., the 
reaction betw-^een oxygen atoms in a discharge 
and molecular oxygen at low temperatures being 
a convenient method of preparing a high con¬ 
centration of ozone. 

An alternative method of prodmung atomic 
ox 3 'gcn is by irradiation with light of some wave¬ 
length within the continuous absorption range 
of oxygen, i.e., of wave-lengths less than 1,900 a. 
A condensed spark passed between aluminium 
electrodes in air will produce light containing 
this wave-length. The resonance lines of xenon 
at 1,495 a. and 1,295 a., corresponding to 193 
and 219 kg.-cal., respectively, also etfect the 
photodissociation of o>^gen. 

Oxygen can be dissociated thermally, the per¬ 
centage dissociation at 760 mm. being shown in 
the following Table (von Wartonborg, Z. anorg. 
Chem. 1940, 244, 335; 1938, 238, 299). 

T°k. 2,000 2,500 3,000 3,500 4,000 

% Atomic oxy¬ 
gen . . . 3-6x10-2 0-85 5 05 24-9 61-0 

Dissociation can also occur on a surface of 
metals, e.g., the dissociation of oxygen on a 
glowing platinum surface has been shown to 
have a velocity j)roportional to the square root 
of pressure. The heat of dissociation in this 
reaction is 20,000-30,000 g.-cal. (Mochan, Khim. 
Referat. Zhur. 1940, No. 4, 3). 

Gauzit (Compt. rend. 1941, 213, 695), using 
spectrographic methods, estimates that a height 
of 100 km. above the earth’s surface the atmo¬ 
sphere consists entirely of atomic nitrogen and 
oxygen. 

The recombination of oxygen atoms is a 
strongly exothermic reaction, viz. 0 + 0=02 
+ 116*4 kg.-cal. If the recombination is made 
to occur, for instance, on the surface of platinum 
metal, the heat of reaction is sufficient to melt 
the platinum. 

The half-life of the oxygen atoms depends on 
several factors, but is influenced mainly by the 
presence of foreign gases and the pressure. 

The reactions of atomic oxygen have been 
extensively studied (cf. Geib, Ergebn. exakt. 
Naturwiss. 1935, 16, 44). With hydrogen the 
ultimate product is wrater. This oxidation, 
carried out in a quartz vessel, has been shown 
(Pavlyuchenko, J. Phys. Chem. U.S.S.R. 1940, 
14, 877) to be a volume reaction, the energy of 
activation being zero from —183° to 0°o., a fact 
taken to indicate that the eflectiveness of col¬ 
lision between oxygen atoms and hydrogen 
molecules for oxidation, and the collision 
between oxygen atoms and oxygen molecules 
for deactivation, is the same. There is, however^ 
still great uncertainty as to the exact miechanism 
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of the reaction (c/. Kistiakowaky and Smith, 
J. Amer. Chem. Son.' 1035, 57, 835). Hydrogen 
sulphide and carbon disulphide both react with 
atomic oxygen at low pressure with a blue 
luminescence and the production of S, SOg, 
SO3, H0SO4, HgO, CO, and COj. Schenk 
and Jabfonowski (Z. anorg. Chem. 1940, 244, 
397), using an improved apparatus for the 
preparation of atomic oxygen, examined the 
products for HgSO; none was, however, 
detected. The reaction of atomic oxygen with 
carbon monoxide is very slow at room tempera¬ 
ture. Nitrogen dioxide at — 190°c. reacts 
vigorously with the production of a green 
luminescence, to give nitrogen peritoxide. With 
chlorine the products are primarily chlorine 
monoxide and chlorine dioxide, whilst with 
bromine at liquid air temperature atomic oxygen 
forms in quantitative yield a compound having 
the composition BrOj. With the hydrogen 
halides, HCI and HBr, the free halogens are 
liberated. Carbon tetrachloride reacts with 
atomic oxygen producing phosgene and chlorine; 
chloroform produces hydrogen chloritle as weU, 
whilst methylene chloride produces hydrogen, 
water, hydrogen chloride, chlorine, carbon mon¬ 
oxide, carbon dioxide, and phosgene. Methyl 
chloride reacts only slowly. All hydroc'arbons 
are attacked more or leas slowly, the reatdion 
being accompanied by luminescence, the spec¬ 
trum of which shows OH, CH, and somciimes 
CC bands. At low temperatures atomic oxygen 
takes part in addition reactions with un¬ 
saturated compounds; thus by reaction with 
acetylene a substance of composition CgHgOg i« 
formed, which decomposes at t(imperatures 
above —90°c., producing water, formic acid, and 
glyoxal, together with a little carbon dioxide. 
Benzene reacts at — SO'^o. with atomic oxygen, 
three oxygen atoms per iiiol(;cule bomg added, 
whereas above — 30°r. the product decomposes 
into products similar to those obtained from the 
analogous reaction with acetylene. An ex¬ 
plosive substance is obtained by reaction of 
atomic oxygen with ammonia. Hydrogen 
cyanide and cyanogen react with emission of 
light, the spectrum of which shows CN bands. 
The products are mainly carbon monoxide, 
carbon dioxide, water, and nitrogen. 

Rodebush and Nichols (Physical Rev. 1930, [ii], 
35, 649) have shown that molybdenum trioxide 
may bo reduced by the action of atomic oxygen ; 
the product is not further reduced by hydrogen. 

Gaydon, studying the continuous spectra of 
flames, has shown that atomic oxygen plays a 
large r61e in processes of combustion (Proe. Roy. 
Soc. 1944, A, 188, 111). 

The tetra-atomic oxygen molecule was first 
postulated by Harris (Chcm.-Ztg. 1907, 81, 609), 
who also termed it oxozone, which he claimed 
was a compound of great activity, present in 
appreciable quantities in gaseous and liquid 
ozone. This substance has never been isolated 
and Riesenfeld and Schwab (Ber. 1922, 65 [B], 
2088), who succeeded in preparing pure gaseous, 
liquid, and solid ozone have stated that there is 
no evidence for its existence. Spectroscopic 
evidence Ibas been brought forward to sub¬ 
stantiate the existence of ( 02)2 molecules. 
HeUer considers the molecule as a quasi- or van 


der Waals molecule (J. Chem. Physics, 1941, 9, 
154). That ( 02)2 molecules exist in gaseous 
oxygen as well as in the liquid and solid phases 
follows conclusively from the observed con¬ 
tinuous absorption bands of the (© 2)2 molecule. 
Some of these bands are responsible for the pale 
blue colour of compressed, liquid, and solid 
oxygen. The spectroscopic evidence is corro¬ 
borated by the results of a good many other 
investigations, namely the departure of oxygen 
from the reduced equation of state, the anomalous 
Faraday eftect, the deviation from Curie’s Law 
of paramagnetism, the Cotton-Mouton efiect, 
the structure of y-oxygen, and the magnetic sus¬ 
ceptibility. The O—O distances are 1*21 a. 
and 3*48 a., the atoms separated by the shorter 
distance being tightly bound by normal valency 
forces, and the j^airs of atoms separated by the 
larger distance by intermolocular forces, probably 
of the nature of the Heitler-London disjjersion 
force. From data obtained from the deviations 
of li(iuid oxygen from Curie’s Law of para¬ 
magnetism the fraction by weight of the dimer 
in the undiluted substance has been calculated 
by Lewis (J. Amer. Chem. Soc. 1924, 46, 2027) 
to be 40% at 77 °k., and, by extrapolation, 0 03% 
at 293 °k. and 1 atm. Guillicn (Compt. rend. 
1936, 202, 1373), by making use of the con¬ 
centration dependence of the extinction co- 
(‘ffieient, has confirmed the value of 40% of 
((> 2)2 ii't' 77 '’k. 

Kadiociiemistrv. 

Two radioactive isotopes of oxygen can be 
produced, wliich is j8+ active with a half- 
hfe of 126 sec. and ^®0, which is active with a 
half-life of 31 sec. has been produced by the 
following reactions : ^^N(a,n)^®0 ; ^‘’0(y,n)^®0 ; 
’«0(w,2?i)i50; i4N(p,y)i50; i‘^C(a,?i)i60; 
has been produced only by the reaction 
*®F {riypy^O {cf. Seaborg, Chem. Rev. 1940, 27, 
199). 

Oxygen undergoes various particle-capture 
reactions, *®0(p,a)^^N ; i'^0(a,w)^®F (Welles, 

Physical Rev. 1941, [ii], 59, 679). The reaction 
^®0(a,y)^®F has been suggested but not con¬ 
firmed. Zagor and Yalente {ibid. 1945, [ii], 67, 
133) report the reaction ‘■^^Ne(7^,a)^’0. 


Chemical Properties. 


Oxygon is normally a divalent element, the 
inter-bond angles varying from 100 £3'" in FgO 
to 118:1::3® in pp-di-iodophenyl ether. In 
ethylene oxide the oxygen is under strain and 
submits to a bond angle of 601:2°. Friedel in 
1875 showed that ethers, e.gr., (CH3)20, could 
form unstable salts of the form [(CHglgOXJ^ Y~ 
with acids, e.gr., HCI, and with methyl iodide. 
More stable salts such as those from compounds 
of the dimethyl pyrone type ; 


/CH, 
CH—C 

HO—<5 O 

\ / 

CH=C 

'^CH, 


cr 


have been prepared. 
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It is now generally recognised that the proton 
is far too unstable to exist free in contact with 
w^ater, and that it exists in the form of the 
hydroxonium ion, 

The compounds in which oxygen is tetra- 
valent ai© known as oxonium salts. X-Ray 
analysis of basic beryllium acetate has shown 
that the four valencies of the central oxygen 
atom are tetrahedrally distributed in space. 

Oxygen ions, exist only in the crystal 
lattice. The oxygen molecule-ion, Og', present 
in superoxides, e.g., KOj,'presents an interesting 
example of an ion possessing an unpaired 
electron. It is deeply coloured and para¬ 
magnetic. The O 2 " ion is present in the per¬ 
oxides possessing the simple structure O'—O'. 

The congeners of oxygen in the sixth group of 
the Mendeleef classification of the elements are 
chromium, molybdenum, tungsten, and uranium 
in the A sub-group, and siilpliur, selenium, tel¬ 
lurium, and polonium in the B sub-group. The 
A sub-group bears no relationship to oxygen, 
but some of the compounds of sulphur, selenium, 
and tellurium are analogous to those of oxygen, 
e.g., sulphides. 

The great chemical activity of oxygen is a 
commonly encountered phenomenon, especially 
in the processes of combustion. Oxygen com¬ 
bines directly with most elements under suitable 
physical conditions. In many of these reactions 
sufficient energy is evolved to heat the products 
to the point of incandescence, as in the familiar 
burning of carbon in air. The slowness of many 
reactions involving oxygen is doubtless con¬ 
nected with the large energy required to dis¬ 
sociate the oxygen molecule into atoms. All 
elements, with the exception of the inert gases, 
combine indirectly with oxygon. 

The metals and oxygen react with varying 
affinity; no metals in the massive state react 
appreciably at ordinary temperatures, but sur¬ 
face oxidation does occur very slowly in the case 
of a few. Finely divided metals, e.g., those in 
the pyrophoric state, are usually spontaneously 
inflammable in oxygen. Moist oxygen, on the 
other hand, reacts with a large number of metals 
at room temperature. Metals such as sodium, 
potassium, calcium, and magnesium combine 
readily with oxygen on heating, the reaction 
being accompanied by an evolution of heat and 
light. Iron can be made to bum in oxygen if it 
is in the form of steel wool or of fine wire, and is 
previously raised to a suitably high temperature. 
The burning of metals in oxygen gives rise to 
various oxides, according to the amount of 
oxygen present; thus for instance, sodium gives 
sodium oxide, Na 20 , in a deficiency of oxygen, 
and sodium peroxide, Na 202 , in excess of 
oxygen. Potassium in excess of oxygen results 
in the formation of the oxide KOg. If the 
oxide is unstable at the temperature necessary 
for reaction it will not be formed directly, even 
though much heat be evolved in the formation 
of the oxide. This is true in the case of the 
oxides of silver, gold, platinum, and palladium. 
However, the platinum metals in the form of foil, 
or in the spongy state, combine with oxygen to 
give a thin layer of black oxide. 

The non-metals, with the exception of the 
halogens, combine readily with oxygen at various 


temperatures. Phosphorus, sulphur, and carhorl 
bum readily in pure oxygen on warming to give 
acidic oxides. Nitrogen absorbs energy when 
it unites with oxygen, and consequently the 
oxide is formed only at a very high temperature. 
The oxides of clilorine, bromine, and iodine are 
not formed by direct reaction with oxygen; 
however, by passing a mixture of fluorine and 
oxygen through an electric discharge, oxides of 
fluorine have been obtained. The halogens react 
with ozone to give oxides under varying physical 
conditions. A jet of hydrogen will burn quite 
readily in oxygc'ii and even if placed below the 
surface of liquid oxygen will continue to burn. 
Liquid oxygen is without eft’ect on the majority 
of non-metals, though graphite and diamond 
when once ignited will continue to burn on the 
surface of the liquid, with the resultant forma¬ 
tion of liquid ozone and solid carbon dioxide. 

The compounds of oxygen with the metals 
and non-metals may bo divided into several 
types, considered below. 

1 . Basic Oxides .—It is characteristic of the 
metallic elements that each forms at least one 
oxide which wiU react with acids to produce 
salts, the valency of the metal remaining un¬ 
altered, e.g., CuO, Na^jO. 

2. Acidic Oxides, often termed anhydrides, 
are derived from non-metals, e.g., SOg, NgOg, 
but may include certain of the higher oxides of 
some metals, e.g., Cr 03 , MngO^. It is cha¬ 
racteristic of these oxides that they combine 
with %vater to form acids. Lnlike the basic 
oxides, an acidic oxide rarely adds sufficient 
water to convert all its oxygen atoms into 
hydroxyl groups, e.g., 

SOg+HaO-^ H 2 SO 4 . 

It is, however, sometimes possible to prepare 
organic derivatives of the completely hydroxy- 
lated (“ ortho ”) acid. 

3. Mixed Oxides .—In some cases acidic oxides 
are encountered which give, on reaction with 
water, a mixture of two acids; these are termed 
mixed oxides, e.g., 

N204+H20-> HNO2+HNO3. 

Some basic oxides behave in a similar manner 
giving a mixture of salts of the metal in two 
valency states, e.g., 

Fe3044-4H2S04 -> 

FeS04+Fe2(S04)3+4H20. 

4. Neutral Oxides .—This class of oxides is 
small, and includes all the oxides which do not 
belong to one of the other classes named. They 
do not combine with water to form acids, nor 
do they neutraUse acids. Water, carbon mon¬ 
oxide, and nitrous oxide are-examples of such 
compounds. Carbon monoxide and nitrous 
oxide are formed from formic acid and hypo- 
nitrous acids, respectively, by loss of water, so 
that, although they do not unite with water to 
form these acids, their relationship to them is 
such that they cannot be considered neutral 
oxides in the narrower sense. 

5. Amphoteric Oxides .—These are capable of 
functioning either as basic or as acidic oxides, 
e.g., aluminium oxide is soluble in alkalis, with 
the production of sodium or potassium alumi^ 
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nate, Na 2 Al 204 , and it may also be dissolved 
in acids with formation of tervalent aluminium 
salts. Zinc and tin are two other commonly 
encountered metals possessing oxides with 
amphoteric properties. 

(i. Peroxides. —These contain the correspond¬ 
ing peroxide ions, consisting of oxygen molecules 
bearing a double negative charge, thus: O'—O'. 
The action of acids on these peroxides is to pro¬ 
duce hydrogen peroxide and the corresponding 
salt. The peroxides are characterised by the 
oxygen-oxygen bridge. 

'fhe methods for preparing individual oxides 
may be generalised into the following commonly 
employed methods: 

(1) Direc't reaction of the element with oxygen. 

(2) Decomposition of nitrates, chlorates, etc., 

e.g., 

2Cu(N03)2-> 2 CUO + 4 NO 2 +O 2 . 

(3) Decomposition of carbonates, e.r/., 

OuCO^ —>• C30-j-C02. « 

(4) Precipitation of the hydroxide and subse¬ 

quent ignition to the oxide. 

(5) Dehydration of an oxyaeid. 

As has been referred to in an earlier section of this 
article, molten silver, platinum, and palladium 
absorb oxygen to give a solution of the gas in 
the metal; the majority of the gas is evolved 
on cooling. This may be regardccl as a chemical 
reaction loading to the formation of oxide which 
is appreciably soluble at elevated temperatures. 

Non-stoicheiometric oxides are formed in the 
case of several of the metals with variable 
valency. Thus the lower oxides of iron, cobalt, 
and nickel show what is normally described as 
the formation of a limited range of solid solutions 
with the higher oxides. The instability of the 
stoicheiometric oxide NiO, and the fact that it 
cannot be prepared pure, has been demonstrated 
by Hiigg (Nature, 1933, 131, 167). The 

stoicheiometry of this oxide has been investi¬ 
gated magneto chemically by Klemm and Hass 
(Z. anorg. Chem. 1934, 219, 82), who showed 
that the magnetic susceptibility of nickel oxide 
prepared by ignition of the carbonate showed 
great variability, being dependent on the field- 
strength (a characteristic of ferromagnetic 
materials only); the Curie point was the 
same as that of metallic nickel. When a com¬ 
pound having the stoicheiometric composition 
NiOj.ooo was heated in oxygen, the suscepti¬ 
bility fell, reaching a constant value, indepen¬ 
dent of the field-strength, at about the com¬ 
position NiOj.Qos. plain that the 

latter figure represents the limiting composition 
of stable nickel oxide and that the stoicheio¬ 
metric NiOj.ooo be unstable, undergoing 
disproportionation into NiOj.oos-f Ni- The 
stable phase of ferrous oxide, FeO, departs even 
farther from the stoicheiometric composition. 
The non-stoicheiometric oxides are semi-con¬ 
ductors. In the case of copper oxide, alteration 
of the oxygen pressure above the crystal shows 
that the oxide owes its conductivity to the 
presence of excess oxygen atoms in the lattice, 
whilst in the case of zinc oxide, on the other 
hand, the conductivity is apparently due to the 
presence of excess zinc atoms. 

VoL. IX.—12 
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Other compounds containing varying amounts 
of oxygen are known. Most notable amongst 
these are the tungsten oxides, which occur during 
the reduction of tungsten oxide by hydrogen in 
the absence of basic oxides. The resulting pro¬ 
duct, wliich contains a small amount M hydro¬ 
gen, has been shown to have a variable com¬ 
position depending on the experimental con¬ 
ditions empl( 3 yed. 

Graphite can be oxidised by the action of 
strong oxidising agents, such as nitric acid and 
potassium chlorate. The graphite swells in one 
crystallographic direction only, whilst both oxy¬ 
gen and hydrogen are taken up into the lattice. 
The ev^entual product varies in colour from green 
to brown according to the conditions. This 
variation in composition, and the accompanying 
I variation in colour, led to the belief that a 
number of compounds are formed, called 
graphitic oxides. Measurements of the distance 
between successive graphite sheets in those com- 
Xjounds show that it increases from the value 
3-45 A. in graphite itself to values between 6 and 
11 A., and that this expansion in spacing follows 
the increasing oxygen content. It appears that 
the oxygen atoms are attached to both sides 
of the carbon sheets, the carbon:oxygen ratio 
varying between 2-9 and 3*5 to 1. 

The thermal stability of the metallic oxides 
varies greatly between the most electropositive 
and the most electronegative. The alkali metal 
oxides are volatile at high temperatures; 
except in the case of lithium hydroxide, the 
action of heat on the hydroxides will not result 
in the formation of the oxides of the metals. 
The oxides of the alkaline-earth metals are 
utilised as refractories, the boiling-point of 
magnesium oxide being about 2,800''c. When 
strongly heated, the oxides of the alkaline earths, 
and also those of certain other metals, notably 
thorium and zinc, become strongly incandescent. 
The basic oxides of the heavy metals are decom¬ 
posed into their elements only at very high tem¬ 
peratures. Cuprous oxide is the most easily 
decomposed (1,935 °k., under the partial pressure 
of oxygen in the air). The dissociation pressures 
of the oxides of iron, cobalt, nickel, copper, 
manganese, tin, and tungsten have been deter¬ 
mined by Wohler and Balz (Z. Elektrochem. 
1921, 27, 406), by utilisation of the reaction; 
metal-f water ^ oxide {-hydrogen. The oxides 
of the noble metals are readily decomposed on 
heating into the metal and oxygen, intermediate 
oxides in which the metal assumes a lower 
valency state occurring as intermediates. It is 
thtis usual to prepare the oxides of the noblt*, 
metals by indirect routes. Silver and auric 
oxides may be decomposed photochomically. 

Many substances are oxidised at ordinary 
temperatures, e.g., nitric oxide, ferrous and 
manganous hydroxides, etc. In some cases the 
oxidation is so vigorous that the heat developed 
inflames the mass. This is the case, for instance, 
wdth hydrogen phosphide, P 2 H 4 , silicon and 
boron hydrides, zinc ethyl, etc. 

The oxidation processes which take place with 
the emission of light are usually referred to 
generally as combustion or “ burning.” Two 
main theories of combustion have been put for¬ 
ward. Many of the investigations in this field 
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have been based on hydrocarbon oxidation. 
Bone, to whom much of the early work on the 
chemistry of hydrocarbon combustion is due, 
proposed a hydroxylation mechanism, which, in 
the case of ethylene, may be represented as 
follows: ^ 

CH2 H—C—OH -> HCHO -> HCOOH -> H2CO3 

II -> |( I I I 

CH2 H—C—OH CO+H2 CO4H2O CO2+H2O 

If these changes are assumed to occur, the varied 
relationships between the possible products can 
be adequately explained. It is now generally 
accepted that the oxidation of hydrocarbons 
takes place through thfe formation of peroxides 
and hydroperoxides. In ordinary cases of 
oxidation the peroxides are only formed at 
temperatures where their survival is unlikely. 
These intermediate peroxidic compounds have 
been detected in combustion at an early point 
in the cycle of an internal-combustion engine. 
The oxidation of hydrocarbons is undoubtedly a 
chain reaction involving free radicals as carriers. 
(For further information on modem develop¬ 
ments in the subject of oxidation, see Symposium 
on Oxidation, Trans. Faraday Soc. 1946, 42, 99.) 

Oxidising agents, and particularly peroxidic 
compounds, are the commonly employed 
catalysts for the polymerisation of ethylenic 
monomers, including such compounds as styrene, 
acrylic acid, etc. Silicone resins may further 
polymerise by aerial oxidation of methyl groups 
attached directly to silicon atoms, the oxidation 
resulting in the formation of a further cross 
linkage. 

The term “ corrosion ” is given generally to 
processes involving the formation of metal oxide 
films (^ee Evans, J.C.S. 1946, 207). 

The process of respiration in animals involves 
the absorption of oxygen through the lungs, the 
transfer of this oxygen by the blood to the cells, 
and the uptake of carbon dioxide by the blood, 
with its ultimate elimination through the lungs. 
The uptake of oxygen by the blood does not 
follow Henry’s Law for gas solubility, the 
absorption being, in fact, a chemical reaction 
between the haemoglobin of the cells and oxygen, 
resulting in the formation of oxyhjemoglobin. 
The nature of the respiratory process as one 
of “ slow combustion ” was recognised by 
Lavoisier; it is the heat evolved from this 
oxidation ef organic matter that maintains the 
body temperature. Oxygen is necessary for all 
forms of life, excepting certain of the lower 
forms, which are hence termed “ anaerobic.” 
Normally, pure oxygen is detrimental to the 
continued health of animals, although in certain 
cases the administration of pure oxygen is 
necessary for medical reasons. 

Bean (Physiol. Rev. 1945, 26, 1) and Bean and 
Siegfried (Amer. J. Physiol. 1945, 148, 656), 
report that oxygen at high pressures is toxic to 
animals. 

Detection and Determination. 

Qualitatively, the simplest test for gaseous 
oxygen is the rekindling of a glowing splint of 
wood, a property possessed by one other gas 
only, viz. nitrous oxide. A mixture of air and 
oxygen containing less than 80% of oxygen does 


not ignite a glowing splint. When mixed with 
colourless nitric oxide, oxygen produces deep 
reddish-brown nitrogen dioxide, whereas nitrous 
oxide does not. Nitrous oxide is also consider¬ 
ably more soluble in cold water than is oxygen. 
Oxygon reacts with a solution of pyrogallol in 
potassium hydroxide, which should be nearly 
colourless, to give a dark brown coloration. 
Ferrous sulphate and catechol mixed in an 
alkaline solution rapidly absorb oxygen with the 
production of a deep red colour. White indigo 
absorbs oxygen rapidly, the product being blue. 

For the quantitative determination of gaseous 
oxygen methods of absorption and combustion 
and several physical methods are available. 
The absorption of oxygen can be readily carried 
out in an ordinary gas analysis apparatus, such 
as t he Orsat or Hempcl apparatus. The follow¬ 
ing absorbents arc in general use : 

1. Potassium and Sodium Pyrogallate Solutions. 
—These solutions absorb oxygen rapidly when 
fresh. The reagent consists of two stock solu¬ 
tions, (i) containing 600 g. of potassium 
hydroxide in I htro of water, and (ii) containing 
300 g. of pyrogallol (l:2:3-trihydroxybenzene), in 
I litre of water. (Pyrogallol is often referred to 
as pyrogallic acid.) For use 50 ml. of the 
j>yrogallol solution is mixed with 175 ml. of the 
potassium hydroxide solution. In the case of 
sodium pyrogallate, 60 ml. of the pyrogallol 
solution described above is mixed with 150 ml. 
of 50% sodium hydroxide solution. The mixed 
solution should be kept in a stoppered vessel to 
avoid contact with air. Care must be taken with 
the use of this reagent, especially the sodium 
pyrogallate, since high concentrations of oxygon 
combined with low concentrations of alkali 
result in the evolution of carbon monoxide from 
the reagent. When the concentrations described 
above are used, I ml. should absorb 8-10 ml. 
of oxygen readily before renewal. 

2. Ammoniacal Copper .—Clean moist copper 
absorbs oxygen freely, but a film of oxide is 
rapidly formed over the copper, which prevents 
further oxidation. An ammoniacal solution of 
ammonium carbonate readily dissolves the 
oxide, leaving a clean copper surface. The 
reagent is best prepared by treating pieces of 
copper or copper gauze, cleaned with nitric acid, 
with 5(K) ml. of a saturated solution of am¬ 
monium carbonate and an equal quantity of 
concentrated ammonium hydroxide. To utilise 
this rea{5tion for analysis a suitable absorption 
vessel is packed with pieces of copper or copper 
gauze, which is then covered with the am¬ 
moniacal solution. When the gas enters the 
vessel the solution is displaced, leaving a clean 
copper surface, which absorbs the oxygen. The 
gas may then be removed by allowing the solu¬ 
tion to return to the absorption vessel and 
remove the oxide layer. This process may be 
repeated many times if necessary. The reaction 
can be used for the continuous absorption of 
oxygen, the gas passing up a tower packed with 
clean copper gauze, dowm which a stream of the 
ammoniacal solution is allowed to flow. After 
continual use a yellowish-brown precipitate 
forms which necessitates cleaning of the appara¬ 
tus. Gases such as carbon monoxide and 
ethylene must be absent for this determination. 
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3. Yellow Phosphorus. —The absorption of 
03cygen by means of phosphorus takes place by 
aUowing the gas containing the oxygen to 
remain over moist phosphorus. The forma¬ 
tion of white clouds indicates the presence of 
oxygen, and their disappearance shows that the 
absorption is complete. If the gas contains 
more than 60% of oxygen, moist phosphorus 
will not absorb it at normal pressures, and in 
this case the gas must be diluted with either 
nitrogen or hydrogen, until the mixture contains 
less than 60% of oxygen ; alternatively it may 
be allowed to react with phosphorus under 
reduced pressure, but in this case the reaction 
may be rather vigorous. The presence of traces 
of heavy hydrocarbons, ethereal oils, alcohols, 
or ammonia results in the prevention of absorp¬ 
tion. The phosphorus is usually used in the 
form of small sticks, 4-6 mm. in diameter, in the 
usual Orsat apparatus. The oxidation of phos¬ 
phorus is slow unless carried out in a warm 
atmosphere. The use of phosphorus in the 
Orsat apparatus is not to bo recommended 
owing to the danger of explosion and fire. 

4. Chromoua Chloride. —^Although this reagent 
is one of the most rapid absorbents for oxygen 
and has been in use for nearly fifty years, it has 
not become popular because it is difficult to pre¬ 
pare and keep in the reduced state. Stable solu¬ 
tions in quantities sufficient to charge a pipette 
can be prepared best by reducing chromic 
chloride in a Jones reductor containing amal¬ 
gamated zinc. It does not absorb hydrogen sul¬ 
phide or carbon dioxide. A stablished solution 
of chromous chloride, called “ oxsorbont ” has 
been used with success. 

5. Alkaline Sodium IlyjKhsulphile. —The re¬ 
action occurring on the absorption of oxygen 
with this reagent is : 

Na 2 Sa 04 + 02 +H 20 NaHS 04 +NaHSOg. 

The absorption is slower than with alkaline 
I)yrogallol, but takes place at much lower tem¬ 
peratures ; further, no interference due to 
evolution of carbon monoxide or absorption of 
imsaturated hydrocarbons is encountered. A 
suitable reagent is prepared by dissolving 50 g. 
of sodium hyposulphite in 250 ml. of water and 
30 g. of sodium hydroxide in 40 ml. of water 
and mixing the solutions. The rate of absorp¬ 
tion is considerably increased by the addition of 
sodium anthraquinone-j3-8ulphonate. 

Various methods exist, of which only one will 
be mentioned, in which the oxygon is absorbed 
and the resulting products (or the remaining un¬ 
reacted reagent) determined by normal analytical 
methods. Oxygen can be absorbed in small 
quantities by manganous hydroxide, which is 
white when freshly precipitated from manganous 
chloride by sodium hydroxide solution. On con¬ 
tact with oxygen the following reaction occurs: 

4Mn(OH)2+02+2H20 ->4Mn(OH)3. 

The analysis is carried out in a Bunte burette; 
after the absorption is complete, excess of a 
solution of potassium iodide is added to the 
burette, followed by sulphuric acid; the solu¬ 
tion id transferred to a flask and quickly titrated 
with so^um thiosulphate solution: 

2 Mn(OH)a+ 2 l'-h 6 H+ 2Mn+++»a+6HaO. 


1 mi. of O'In. sodium thiosulphate solution is 
equivalent to 0-560 ml. of oxygen at N.T.P. 
Winkler (Bor. 1888, 21, 2843) used this method 
for the determination of oxygen absorbed in 
water. The sample of water is shaken with 
manganous hydroxide, prepared in situ from 
manganous chloride and alkali, and the amount 
of dissolved oxygen determined by the addition 
of hydrochloric acid and pottissiurn iodide and 
the subsequent titration of the liberated iodine. 

In the absence of combustible gases in the gas 
mixture oxygen may be determined by ex¬ 
plosion with a known volume of hydrogen and 
subsequent measurement of the contraction in 
volume. A small explosion pipette, suitably 
screened and containing sealed-in platinum 
wires connected to an induction coil, is used. 

Oxygen can be determined colorimetrically by 
absorption in ammoniacal cuprous chloride solu¬ 
tion. The resulting oxidation to the cupric com¬ 
plex results in the formation of a blue coloration, 
the intensity of which is directly proportional 
to the amount of oxygen absorbed. This 
method can be used directly for the determina¬ 
tion of dissolved oxygen, although a correction 
for the colour of the original solution must be 
made. Gaseous oxygen may be determined 
colorimetrically by its interaction with man¬ 
ganous hydroxide in the presence of potassium 
iodide. After acidification, in the presence of 
starch, the blue colour of the starch-iodine com¬ 
plex is used for comparison with standards. 
Using this method it is possible to detect 0-15 
p.p.m. by volume of oxygen. Colorimetric 
methods, based on the colour produced with 
“ Adurol ” (a chloro-derivative of hydro- 
quinone) (Winkler, Z. angew. Chem. 1913, 26, 
134), pyrogallol, and the leuco-baso of indigo 
carmine, have also been used. 

A method for the detection of traces of oxygen 
has been proposed in which the faint blue 
fluorescence obtained in the photolysis of acetone 
in the presence of a trace of oxygen is utilised 
(Damon, Ind. Eng. Chem. [Anal.], 1935, 7, 133). 
By means of the destruction of the phos¬ 
phorescence of trypaflavino absorbates, oxygon 
can be detected at pressures as low as ()*0006 mm. 
As absorbent, gels of highly polymerised in¬ 
organic acids are suitable, wliilst the most suit¬ 
able dyes are trypaflavine, euchryin 3R, and 
uranin (Kautsky and Hirsch, Z. anorg. Chem. 
1935, 222, 126). 

Several automatic devices are described in the 
literature for the estimation of oxygen in in¬ 
dustrial gases. The majority of these instru¬ 
ments depend on the application of thermal con¬ 
ductivity measurements of gas mixtures, the 
instruments being calibrated against mixtures 
of known composition. A recoixling mass 
spectrograph is described for the determination 
of mixtures of oxygen, carbon monoxide, and 
carbon dioxide (Amer. Chem. Abstr. 1945, 39, 
3471). 

An interesting instrument, the use of which, 
as an oxygen meter, depends on the fact that 
the magnetic susceptibility of oxygen is very 
much greater than that of other common gases, 
has been described by Pauling, Wood, and 
Sturdivant (J. Amer. Chem. Soo. 1946, 08, 796). 

The determination of combined oxygen is 
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difficult and seldom attempted. If the presence 
of oxygen has been definitely established it may 
often be estimated by difl'erence after determina¬ 
tion of the other constituents present. In cer¬ 
tain eases of inorganic compounds, where the 
oxygen atoms are reactive, special analytical 
methods exist. The oxygen in oxides can in 
some cases be determined as follows : nitrogen 
free from oxygen is passed over sulphur at 200°C- 
and then over the oxide, heated to IjOOO^'c. The 
resulting sulphur dioxide is absorbed in potas¬ 
sium iodate-iodide mixture in acid solution, 
when it is oxidised to the sulphate ion by the 
iodine. The remaining iodine is then titrated 
with sodium thiosulphate solution. The method I 
has been shown to give results within 0-7% in 
the case of zinc oxide, ajid from theoretical con¬ 
siderations it should w^ork with a number of 
oxides. It does not apply, however, to silicon, 
boron, aluminium, beryllium, or magnesium 
oxides (von Wartenburg, Z. anorg. Chem. 1943, 
251, 161). 

Although oxygen is one of the most commonly 
occurring constituents of organic compounds, 
and although methods for its direct determin¬ 
ation have been the subject of extensive research, 
this element is still most frequently determined 
by difference. It is apparent that the methods 
so far made available for its direct determination 
are not wholly satisfactory, for if this w'ere not 
the case, it is certain that they would have been 
more widely applied in preference to a deter¬ 
mination by difference. The determination by 
difference places the sum of all the errors upon 
the oxygen value, and eliminates the possibility 
of checking the analysis; the results become 
even more unsatisfactory with increasingly com¬ 
plex molecules containing several elements. A 
very large number of papers have been pub¬ 
lished, but no satisfactory method has yet been 
evolved. The subject has been fully reviewed 
by Elving and Ligett (Chem. Rev. 1944, 34, 129). 
The methods so far proposed may be classified 
as follows; 

1. Methods depending on complete oxidation, 
(a) Dry oxidation using an inorganic oxidising 
agent such as potassium chlorate, cupric oxide, 
silver iodate, or potassium dichromate, {h) Wet 
oxidation making use of silver iodate-sulphuric 
acid or potassium dichromate mixtures, (c) Com¬ 
bination with a known volume of oxygen. This 
method has been extensively studied, and a 
microtechnique developed. Details of the 
apparatus are given by Kimer (Ind, Eng. Chem. 
[Anal.], 1934, 6, 358). By this method carbon, 
hydrogen, and oxygen are determined simul¬ 
taneously with one piece of apparatus. 

2. Destructive chlorination resulting in the 
formation of carbon dioxide, carbon monoxide, 
and hydrogen chloride, which can be determined 
by absorption. 

- 3. Methods depending on reduction, (a) The 
Meulen method of hydrogenation involves three 
stages: (i) vaporisation of the sample in a 
stream of hydrogen; (ii) pyrolysis of the com¬ 
pound in the presence of hydrogen at high 
temperatures; and (iii) hydrogenation of these 
products in the presence of a nickel catalyst 
between 300°o. and 400'’c. to convert all the 
oxygen into water, which may be absorbed and 


weighed. Several cracking surfaces have been 
suggested; platinised quartz or asbestos appear 
to be most commonly employed. The hydro¬ 
genation step in which the reactions : 

CO2-I-4H2O-CH44 2HaO 
CO+SHg^CH^ f HgO 

take place can be carried out most satisfactorily 
on a thoria-nickel catalyst between 300°c. and 
400°c. Sulph\ir tends to poison the catalyst, 
and hence it is necessary to remove any hydrogen 
sulphide by passing the gases leaving the crack¬ 
ing surface over nickel. The presence of halo¬ 
gens involves the use of special absorbents. 
(6) The thermal decomposition of oxygen-con¬ 
taining compounds over carbon at l,000°c., with 
production of carbon monoxide and the subse¬ 
quent oxidation of this at room temperature 
with iodine pentoxide: 

SCO+lgOg-^SCOa+la. 

The apparatus is simple and the method has 
several points to recommend it. 

D. S. P. 

OXYGEN, APPLICATIONS OF. The 

oxy-acetylene flame is being incTeasingly em¬ 
ployed for the descaling of steel billets. High- 
velocity flames from multi-jot burners are pas^sed 
over the surface, causing a sudden thermal ex¬ 
pansion of the scale not tightly bonded, so that 
it cracks away from the base metal. The pro¬ 
cess is cleaner and more economical than the acid 
bath pickling process. 

Such burners are used for cleaning iron and 
steel surfaces prior to painting. Unbonded 
scale and other contaminants are removed, 
leaving a dry, warm surface to which paint 
adheres more tenaciously to form a coat which 
is more resistant to corrosion. 

Surface hardening of steel components (with 
carbon content above 0-3°%), e.g., wormwheels, 
sprockets, etc., is accomplished by heating 
locally with the oxy-acetylene flame and im¬ 
mediately quenching. This gives a hard mar¬ 
tensitic structure for the wearing surface of 
from in. to in. deep. The normal tough¬ 
ness and ductihty of the metal at the core of the 
component is unaffected. 

The low temperature of liquid oxygen is used 
for the cold treatment of certain tool steels, 
after the normal heat treatment. It has been 
found that controlled cooling of the steel confers 
upon it desirable properties. 

The contraction of metal parts effected by 
immersion in liquid oxygen is utiHsed in “ shrink 
fitting,” e.g.f cylinder linings of an internal com¬ 
bustion engine, after cooling, can be readily 
inserted in their housings, to become a tight fit 
at atmospheric temperature. 

In recent years the use of oxygen for the cut¬ 
ting of steel has been extended by the “ deseam- 
ing ” or “ desurfacing ” process. In semi¬ 
finished steel, i.e., in bars, billets, blooms, slabs, 
or plate, defects usually occur on the surface due 
to blowholes near the surface of the ingot, or to 
the rolling-in of scale, etc. In light billets 
(4 in. X 4 in. or smaller) these defects are seldom 
more than f-in. deep. Before 1929 such flaws 
were removed generally by either grinding or 
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chipping with pneumatic hammers, to avoid a 
defective finished product. At about that time 
a more economical method was perfected, where¬ 
in sufficient of the steel in the actual vicinity of 
ihe defect was burnt out by oxygon, the groove 
thus formed being of such shape that the steel 
could be satisfactorily rolled subsequently. At 
first, hand-operated torches were used, mainly 
on cold metal, because of the difficulty of locating 
defects on hot metal. Then machines were con¬ 
structed (in America) for skinning cold metal 
and, ultimately, in the interests of economy, for 
completely skinning hot metal between actual 
rolling operations at the mill. Up to -A'hi. depth 
of metal is cut away from each surface (two or 
four simultaneously) by these machines, which 
incorporate stationary groups of torches past 
which the hot steel is made to move at speeds 
varying from 75 to 175 ft. per min. From 
2*75 to 4-5 cu. ft. of oxygen are required, for 
each square foot of steel desurfaced, depend¬ 


ing on the depth of cut, the carbon content of 
the steel, composition of steel if an alloy, etc. 
When the machine is in operation, therefore, the 
rate of consumption of oxygen is very high; 
suitable largo supplies of the gas are readily 
provided by the “ cold evaporator.” 

The cold evaporator (Fig. 1) is essentially a 
storage tank constructed for working pressures 
up to 300 lb. per sq. in., provided with means 
for controlled discharge of its contents against 
pressures varying up to the maximum, and 
having safety de.vices and measuring arrange¬ 
ments. It consists of a two-piece bronze 
sphere a forming the pressure vessel, usually 
with a centre-bolted joint. A thin copper 
lining, b, concentric with the sphere and open 
at the top, is supported out of contact with the 
sphere by asbestos strips ; it is the liquid oxygen 
container proper, and permits filling- with the 
mi»imiim loss by evaporation, even when the 
massive pressure vessel is in the warm condition. 



It holds the equivalent of 30,000-47,000 cu. ft. 
of gas. It is heat-insulated by a layer of 
powdered magnesium carbonate, and suspended 
by chains o from the outer casing. 

Liquid is forced from the evaporator, by gas 
pressure, through a coil immersed in water (not 
shown). By a system of control valves the 
evaporator can be operated to suit various work¬ 
ing conditions; the evaporation rate and pres¬ 
sure can be varied as required, to suit the 
particular demands on the supply line. The gas 
pressure over the liquid in the evaporator can 
be increased by returning the evaporated gas 
from the water heater to the evaporator, 
through pipes, d, immersed in the liquid oxygen. 
Gas storage vessels are included to receive the 
gas arising during shut-down periods, e.gr., during 
week-ends, and for providing a supply of gas 
whilst the evaporator is being filled with liquid 
oxygen, thus ensuring continuous operation. 

The proportion of oxygen supplied to industry 
in the liquid state has steadily increased during 


the last ten years, especially in areas where 
steelworks are located, and where large quanti¬ 
ties of gas are used at the individual works. 
About eight times as much oxygon can be carried 
as liquid as could be sent in cylinders on a lorry 
of the same capacity, and such economy in 
transport becomes of vital importance. 

Considerable progress has been made in 
Germany in the development of processes to 
permit the continuous gasification of solid fuels, 
to avoid the intermittent nature of the well- 
known water-gas plants. This has been possible 
because the low cost of oxygen produced by 
large gas plants incorporating the Frankl cold 
regenerator (v. this Vol., p. 188d). 

For the continuous gasification of solid fuel, 
oxygen is admixed with the steam-blast to 
maintain the fuel-bed temperature sufficiently 
high to allow the water-gas reaction to proceed 
without interruption. In the Winkler producer 
pulverised fuel is used, and the blast is so 
adjusted that the fuel bed is constantly agitated 
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to ensure extreme intimacy of contact between 
the gases and the fuel. The Lurgi producer 
operates under pressure, up to 20 atm., and 
yields a gas having a good calorific value (about 
500 B.Th.lJ. per cu. ft.), making it suitable as 
town gas, and also a carbon monoxide hydrogen 
ratio of 1;2, making it suitable as synthesis gas 
{e,g,y for methanol and liquid fuel). 

In Russia the gasification of coal is being 
carried out underground in the seam. In' the 
first instance two inclined shafts were driven 
down to the coal seams, the shafts being con¬ 
nected by a horizontal working. An air blast 
(sometimes enriched in oxygen and sometimes 
containing steam) is forced underground from 
the surface along one of the inclined shafts, and 
the gas generated by its action on the white- 
hot coal is forced to the surface through the 
second shaft. More recently a number of bore¬ 
holes were merely drilled down to the coal seam, 
and connected underground, all the work being 
conducted from the surface. 

In Belgium, where coal seams are too thin to 
be worked economically, it is planned to apply 
the same process, to gasify the fuel in situ by in¬ 
jecting a mixture of oxygen, steam, and carbon 
dioxide. 

Finally, the V2 long-range rocket is of interest 
because of its enormous rate of consumption of 
oxygen. The thrust driving the rocket is pro¬ 
vided by a jet of very high-velocity gas issuing 
from the nozzle of a combustion chamber. The 
gas is the product of the combustion of alcohol 
in oxygen. Five tons of liquid oxygen are 
carried on the rocket, and the whole of it is 
consumed in the first minute of the rocket’s 
flight—130,000 cu. ft. of gas in one minute! 

C, R. H. 

OXYGEN, PRODUCTION OF. The 

oxygen industry was undoubtedly founded in 
1886, when the British Oxygen Company was 
established as the Brins Oxygen Company to 
take over a process for the production of oxygen, 
patented by two French brothers whose name 
was adopted as the title of the Company. The 
Brin process was based on Boussingault’s dis¬ 
covery in 1851, that at a temperature of about 
640°c. the monoxide of barium would absorb 
oxygen readily from the air with the formation 
of the dioxide, and that at a higher temperature 
(about 870®c.) the oxygen thus absorbed would 
be given off again, and the barium restored to 
the monoxide condition ready for the cycle to be 
repeated. The great loss of time and difficulties 
involved in the alternate heating and cooling of 
the barium oxide, however, rendered the process 
far from economic. It became an established 
success when the operations of oxidation and 
deoxidation were carried out at one temperature 
(650°c.), being governed by variation in the gas 
pressure about the barium oxide, in plant 
rendered automatic by K. S. Murray. 

The process was exclusively employed by the 
British Oxygen Company for nearly 20 years in 
their London, Birmingham, Manchester, and 
Glasgow factories, and a considerable number of 
plants, varying in capacity from 6,000 to 30,000 
cu. ft. of oxygen per day, were also erected by 
them to provide oxygen for industrial appli¬ 
cations. 


Liquefaction of Air. —^Meanwhile Carl Linde 
was working out a totally different method of ex¬ 
tracting oxygen from the air, a method destined 
ultimately to supersede the barium-oxide pro¬ 
cess. In May, 1895, a machine was set going in 
the laboratory of the Gesellachaft fur Linde’s 
Eismaschinen near Munich, by which it was 
possible to liquefy several litres of air per hour. 
Half a century earlier, Thomson and Joule liad 
demonstrated experimentally that some gases 
become cooled when expanded without genera¬ 
tion of mechanical energy, merely as a conse¬ 
quence of internal work (lone by the molecules. 
At pressures of from 1~6 atm., and temperature 
of 0°c. to about 100'(J., air was found to suffer a 
(tooling of about 0*25°(]. for eat'h atmosphere 
drop in pressure. If the initial pressure of the 
air were raised to 200 atm., the drop in tempera¬ 
ture on expansion amounted to about 40°c. It 
occurred to Linde that if the cold expanded air 
could be made to cool the compressed air before 
expansion, the temperature after expansion 
should fall lower and lower until liquefaction 
should ensue. By combining nozzle expansion 
with a counter-current heat exchanger, there¬ 
fore, success was a(;hievod and air could readily 
be reduced to the liquid state on a commercial 
scale {v. also Liquefacjtion of Gases, Vol. VII, 
333a). 

The cooling effect by nozzle expansion can be 
considerably increased if the compressed air is 
pre-cooled before entering the main interchanger, 
and before expansion, by means of an ordinary 
refrigerating machine (ammonia machine), which 
operates relatively very cheaply. For example, 
if the air is pro-cooled to —30'’c., the increase 
amounts to about 27%. Also, a considerable 
economy in power expenditure can bo achieved 
by effecting a partial expansion only of the air, 
from a higher to a lower pressure. Thus, if we 
consider expansion from 100 atm. to 10 atm., 
the cooling effect, being nearly proportional to 
the drop in pressure, is nearly ten times what it 
would be by expansion from 10 atm. to 1 atm. 
On the other hand, the energy required for com¬ 
pression from 1 atm. to 10 atm., and from 10 atm. 
to 100 atm. is the same, since the energy required 
varies as the logarithm of the ratio of the pres¬ 
sures. These features were incorporated in 
Linde’s earliest air-liquefaction plants. 

The first cylinder of a two-stage compressor 
sucks in and compresses air to a pressure of 
20-50 atm. The second cylinder raises the 
pressure from this to about 200 atm. The high- 
pressure air flows through the inner pipe of a 
threefold coil to the expansion valve a, thereby 
being pre-cooled by the air leaving the apparatus 
in counter-current. Being expanded, part of the 
air liquefies, while the unliquefied part at 20- 
50 atm. goes back to the compressor through the 
middle pipe of the coil, entering at into the 
connecting pipe between the first and second 
stages. The liquid produced flows through valve 
B, into the vessel o, from which it can be drawn 
off. The air resulting from the expansion at b 
leaves the apparatus through the outer pipe of 
the counter-current coil. The first-stage oylmder, 
therefore, has only to compress that amount of 
air which is taken from me apparatus in the 
liquid state, plus a certain quantity necessary to 
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cover losses through evaporation, leakage, etc. evaporated so far that the vapours contained the 
The air coming from the compressor is pre-cooled desired percentage of oxygen, cock c was closed 
in the coil o immersed in a freezing mixture («ee and d opened to conduct the gas mixture to the 
Fig. 1). gasholder. The evaporation of the liquid was 

In March, 1896, a useful laboratory apparatus, effected by the condensation of compressed air 
the “ Hampson liquefier” {v. Vol, VII, 339<x) in a system of tubes e immersed in the liquid, the 
was produced by the Brins Oxygen Company. condensate collecting in f. The necessary heat 
Separation of Oxygen from Liquid Air.— was supplied by the condensing air itself. When 
Parkinson had made the suggestion in 1892 a was empty, f was full. The liquid air in f was 
that the oxygen and nitrogen in their liquid then passoci into a via valve a, and the process 
mixtures might be separated by utilising their repeated. By fractional evaporation, however, 
different boiling points. By fractional evapora- liigh purity oxygen could not bo obtained 
tion Linde effected a partial separation, and put economit'ally, since tob much oxygen was carried 
on the market the so-called “ Linde air,” con- away with the more volatile nitrogen, 
taining about 50% of oxygen. Ho obtained this Linde Process .—It soon became clear that 
by evaporating liquid air in a vessel a (Fig. 2). the demands of industry could only be met by 
The vapours flowed out through the counter- oxygen of higher purity. Linde therefore 
current interchanger b, passing firstly to atmo- directed his energies to this goal. In February, 
sphere through cock c. When the liquid had 1902, he put forward his solution of the problem 



Fig. 1. 


by means of rectification. The combination of 
essential features consists in (i) effecting the cool¬ 
ing of the compressed air to be Uquefiod by 
causing it to flow in counter-current to the cold 
products of evaporation, (ii) causing the cooled 
compressed air to transmit its heat of lique¬ 
faction to evaporating liquid (liquid oxygon 
when the plant is in equilibrium), and then (iii) 
causing the vapours produced in the distilling 
vessel (oxygen) to flow upwards through liquid 
flowing downwards in a rectification column. 
Other liquid mixtures, e.g.t alcohol and water, 
had previously been separated by rectification, 
but the application of the process to mixtures of 
liquid oxygen and liquid nitrogen was far more 
difficult, 6wing to the volatility of the liquids, 
and the low temperatures at which the process 
bad to be carried out. 


Since liquid air was introduced to the top of 
the rectification column, and since liquid air is 
in equilibrium with a gas containing 7% of 
oxygen, the gas mixture issuing from the top 
of the column contained at least 7% of oxygen, 
and about two-thirds only of the oxygen could 
bo extracted from the treated air. 

The type of apparatus represented by Fig. 3 
made its appearance in 1903. The interchanger 
consisted of coiled copper pipes, five pipes of 
smaller bore passing through one of larger bore. 
Compressed air entering at i, after being cooled 
in the interchange a, was liquefied, while still 
under pressure, in the coil n immersed in liquid 
oxygen in the bath o at the base of the rectifi¬ 
cation column B. It was then expanded through 
valve F into the top of the column. Liquid air 
so introduced at a temperature of about — 194°o, 
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in passing downwards through transversely dis¬ 
posed perforated metal plates, was brought into 
contact with vapours rising upwards in the 
column. These vapours were of nearly pure 
oxygen at the base of the column, arising from 
the liquid oxygen boiling in c, at a temperature 
of about “183‘^c. Now a liquid mixture of a 
certain composition is in equilibrium with a gas 
mixture having a different composition, and 
always containing more nitrogen. The rising 
vapours, therefore, encountered liquids having a 
lower temperature and differing in composition 
from the liquids with which they could be in 
equilibrium. The vapours were warmer and 
richer in oxygon than equilibrium conditions 
required. Oxygen vai)our therefore progressively 


1 c 



liquefied, and nitrogen liquid evaporated in the 
effort to attain equilibrium, with the net result 
that nearly pure oxygen collected at the bottom, 
whilst a vapour very rich in nitrogen passed off 
at the top. A certain quantity of oxygen gas 
could be drawn off through the intorchanger to 
the gasholder. 

Claude Process. —Meanwhile, Claude had been 
striving to produce liquid air by expanding com¬ 
pressed air in an engine, with production of 
external work. Sever^ workers had failed pre¬ 
viously to overcome the difficulty of lubrication 
of the piston at low temperature. In May, 1902, 
Claude achieved success by using light petroleum i 
in admixture with cylinder oil as lubricant until 
the temperature had dropped sufficiently for | 
liquid air formation in the cylinder, whereafter i 


such liquid air was sufficient in itself for lubri¬ 
cation. Since the work obtainable from a com¬ 
pressed gas diminishes with fall in temperature, 
it Avas necessary to maintain the temperature of 
the air entering the engine as high as possible. 
To tliis end a se(;on(l heat iiiterchaiiger was in¬ 
corporated in the system, wherein the lieat of 
liquefaction of a part of t he compressed air was 
transmitted to the expanded air, which was thus 



unable to (tool the feed to tlie engine to so low a 
temperature. 

As indicated in Fig. 4 the whole of the air feed 
passed through intorchanger m ; part of it was 
expanded in the engine d, and then returned 
through interchanger L, in counter-current with 
the remainder of the compressed air, finally to 
pass out through the inter changer m. 



Claude coupled the expansion engine to a rectifi¬ 
cation column, and obtained oxygen by a pro¬ 
cess similar to that of Linde’s, introducing at the 
same time, however, an improvement which he 
named the “ retour en arri^re.” Instead of 
liquefying the compressed air as such, it Was 
divided into two liquids on liquefaction, one 
containing practically the whole of the oxygen 
(rich liquid, with about 40% oxygen) and the 
other containing very little oxygen (poor liquid). 
The poor liquid, introduced at the top of the 
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rectification column, could more effectively wash 
out the oxygen from aHcending gases than could 
the liquid air of Jiindo’s process, and conse- 
(picTitly more than two-thirds of the oxygem in 
the treated air could bo recovered. 

The cooled compressed air enters at a (Fig. 5), 
at a pressure of about 4 atm., and rises up the 
inner tubes b of the condenser. About half of 
the air is liquefied, and the liquid falls down¬ 
wards in the tubes in (counter-current to the 
rising vapours. In so doing it strives to attain 
equilibrium with the latter, and its oxygen con¬ 
tent progressively increases, with the result that 
a liquid containing about 40% of oxygen col¬ 
lects in A, and is delivered to a suitable point in 
the rectification column. The un condensed 
vapours, very rich in nitrogen, leave the upper 
ends of the tubes u, and are completely liquefied 
in the outer tubes c, forming the poor liquid 
which is admitted to the top of the column. 

JAnde Double Column .—About 1010, Linde 
went a step further, and substituted a pressure 
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rectification column for the “ retour en arri^re ” 
contrivance, and constructed the first “ double¬ 
column ” plant. The rich and poor liquids were 
formed from the treated air in the lower pressure 
column, and the final rectification was carried 
out in the upper coluilm. By this method the 
poor liquid w'as made still poorer in oxygen, and 
the separated oxygen and nitrogen obtained in 
greater purity and yield. The cooled com¬ 
pressed air from the heat interchanger is liquefied 
in a coil a (Fig. 6) immersed in,the liquid bath at 
the base of the pressure column b, and after 
expansion at valve o is admitted to about the 
middle of the pressure column. It flows down 
the column from plate to plate, to the bath at the 
bottom; vapours rising from the liquid boding 
there pass upwards through the plates, and by 
the time they reach the condenser tubes D at the 
top, consist of practically pure nitrogen. The 
pressure existing in the lower column is suffi¬ 
ciently high (about 5 atm. absolute) to allow 
these nitrogen vapours to condense in the tubes, 
which are cooled on the outside by liquid oxygen 
boiling at slightly above atmospheric pressure. 


About half of the liquid nitrogen so produced 
flows backwards down the pressure column, for 
the purpose of washing oxygen from the rising 
vapours, whilst the other half is expanded into 
the top of the upper column through valve e. 
The liquid collecting at the bottom of the pres¬ 
sure column has about 40% of oxygen, and is 
sent to a suitable point in the upper column. 
The final rectification takes place in the upper 
column. Pure liquid oxygen collects at the 
bottom thereof, and about one-fifth of the 
vapours arising from tliis boiling liquid are con¬ 
ducted away by f, through a'heat interchanger, 
to constitute the output from the plant. 

lleylandt Process .—A modification of the 
Claude air liquefaction system was introduced 
by Heylandt about 1013. Part of the com¬ 
pressed air feed at 200 atm., without any pre- 
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cooling, was admitted directly to an expansion 
machine e (Fig. 7) and expanded in one stage to 
approximately atmospheric pressure, returning 
through interchanger a. The remainder of the 
compressed air was cooled in interchangers a and 
B before nozzle expansion at c. lie found that 
the engine could be fitted with piston rings and 
lubricated with oil without trouble, since the 
continuous introduction of warm air sufliced to 
prevent the cylinder walls from becoming too 
cold. The modification was useful for liquid air 
production, though not for gaseous oxygen. For 
liquid oxygen production, however, it has been 
successfully developed, as mentioned later. 

The double column and “ retour on arri^re ” 
types of plant were both used for many years for 
gaseous oxygen production, yielding oxygen of 
about 98-5% quality. Similar plants could yield 
nitrogen having a purity of 99*6“99'8%. 
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Oxygen Purity.—In 1923 efforts were being 
made to raise the purity of the oxygen by im¬ 
proving the efficiency of the rectification columns 
Better contact between liquid and vapour was 
sought by different construction of the rectifi¬ 
cation jdates. These efforts were encouraged by 
the recognition of the fact that very pure oxygen 
was advantageous in the cutting of iron, the 
major application of industrial oxygen. A cleaner 
cut was obtainable with a smaller consumption of 
oxygen. Low quality gas revealed itself in the 
roughness of the lower section of the kerf, and 
also by a fringe oT partly burned metal on the 
lower edge, where the final severance of the plate 
took place. Argon, the main impurity in the 
gas, took no part in the chemical action with the 
iron, and consequently increased in concentra¬ 
tion as the jet descended the kerf. To-day, 



Fig. 7. 


plants of the double column type can yield 
about 96% of the oxygen in the treated air at a 
purity of 99*5%, or nitrogen containing con¬ 
siderably less than 0*1% of oxygen. From such 
plants it is possible, by careful adjustment, to 
obtain 99% oxygen and 99% nitrogen simul¬ 
taneously. It is difficult, however, to maintain 
the exact adjustment. The regulation can be 
facilitated, and both nitrogen and oxygen of 
high quality can be obtained simultaneously, if 
a quantity "of vapour (about 10% of the air feed), 
rich in argon, is withdrawn from the upper 
rectification column at a suitable level. An out¬ 
let is thus provided for the greater part of the; 
argon introduced with the air (0-93%), the 
presence of which renders difficult the main 
rectification process. 

Since a pressure rectification column produces 
pure liquid nitrogen more readilj^ than the 


“ rctour an arricre ” system, the latter has been 
abandoned and the expansion engines of Claude 
plants have been coupled to double columns in 
recent years. 

Industrial Oxygen.—In recent years the 
trend has been to distribute oxygen in the liquid 
form. Largo quantities of the liquid are to-day 
sent from the production centre to the user’s 
works, there to be converted into gas under 
pressure. 

For plants to produce gaseous oxygen it is only 
necessary to produce sufficient cold to counter¬ 
act unavoidable influx of heat to the system 
through the lagging and via the imperfect heat 
interchangers. In the case of plants relying 
upon nozzle expansion, it is possible to lower 
considerably the starting pressure once running 
conditions have been obtained. When the oxy¬ 
gen is to be withdrawn as a liquid, however, the 
much greater cold represented by the lower 
temperature of the liquid ( —183°c.) has also to 
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be produced. Linde plants can be made, with¬ 
out modification, to yield a part of the oxygen 
in the liquid form, by maintaining the air 
pressure suitably high. 

Liquid Oxygen Plants.—Better yields of 
liquid oxygen can be obtained, however, by 
expansion with external work in an engine. 
An early type of plant developed by L’Air 
Liquide usefully combined the two methods 
of expansion. All^ the air was compressed to 
200 atm., and nozzle-expanded at A (Fig. 8) 
to about 3 atm., into a simple rectification 
colunm B working at this pressure. The gases 
issuing from the column, still under this 
pressure, and after being heated by passage 
through interchanger o, are expanded in an 
engine e down to atmospheric pressure with 
production of external work, being capable then 
of pre-cooling the compressed air to about 
—60°c. in interchonger r. Since the refrigerating 
effect, in the case of simple nozzle expansion, is 
nearly proportional to the difference of the 
pressures, expansion from 200 atm., to only 
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3 atm., will not result in any appreciable dimi¬ 
nution in the cooling obtained; but, on the 
other hand, expansion in an engine of the low 
pressure air at a relatively high temperature is 
very effective, providing a useful substitute for 
the Linde ammonia machine. Liquid oxygen 
collecting at the base of the column b is cooled 
by passage through a coil immersed in liquid air 
at the top of the column before withdrawal at 
o in order to diminish the loss by evaporation 
when the pressure is reduced. 

In the effort to obtain greater yields of liquid 
oxygen, other types of plant were produced by 
L’Air Liquide, emp]o 3 dng compound expansion 
engines. The air, at 40 or 60 atm., after partial 
expansion, was reheated by passage through an 
interchangcr in counter-current to unexpanded 
air, before a second expansion. About one half 
of the oxygen in the treated air could be obtained 
in the liquid form. Such plants were built with 
outputs up to 80 litres of liquid oxygen per hour. 



Fig. 9. 


The extraction of substantially the whole of 
the oxygen in the treated air as a liquid 
demanded the application of still higher pres¬ 
sures. Heylandt compresses the whole of the 
air to 200 atm. or more, and expands about 
60% of it, in an engine (b. Fig. 9), without any 
pre-cooling, in one stage to about 5 atm., 
thereby lowering its temperature from about 
4’16 ®c. to — 140°c. The expansion engine is 
coupled up to the compressor shaft, and con¬ 
tributes some 9% of the energy required to 
operate the compressor. The expanded air, at 
about 6 atm., is further cooled in interchanger b 
by nitrogen leaving the upper column, and is 
then admitted to the base of the pressure 
column. 

The remaining 40% of the compressed air at 
200 atm. is cooled in interchangers a and b by 
heat exchange, in counter-current with the out¬ 
flowing nitrogen, containing only 2-3% of 
oxygen, is completely liquefied in a coil c im- 
mer^ in the liquid bath at the base of the 


pressure column, and is then nozzle-expanded 
into the same column at d. Liquid oxygen is 
drawn off with a purity of about 99*7%, and in 
quantity may amount to 470 litres per hour. 
Plants of the largest capacity yield 1 litre of 
liquid oxygen for about 1 kw.-hr. 

L’Air Liquide has contrived to extract in the 
liquid form substantially the whole of the oxygen 
in the treated air by a somewhat similar process. 
In this case the compressed air is supplied at 
150 atm., and the greater portion of it (four- 
fifths) expanded in an engine e (Fig. 10) after 
being cooled to about — 30 °g. Suffering a 
pressure drop of 135°c., it leaves the engine at 
about — 16r)°c. at 4 atm. pressure, and passes 
directly to the pressure column a of the double¬ 
column rectification system. The remainder of 
the compressed air is further cooled and liquefied 
by the issuing nitrogen, to be then introduced at 
a suitable level b in the pressure column. The 
expansion engine is coupled to a compressor 



brake, a single stage machine operating in 
parallel with the third stage of the main com¬ 
pressor, and is thus made to contribute some 
8% of the total energy required for air com¬ 
pression. Liquid oxygen is withdrawn at a 
minimum purity of 99 5%, and plants to yield 
300 litres per hour have been constructed. 
Such plants likewise yield I litre of liquid oxygon 
for about 1 kw.-hr. 

Oxygen Storage and Transportation.— 
Liquid oxygen plants were developed and 
perfected in the first instance to meet the 
demand created by the application of liquid 
oxygen to explosives. Much larger quantities 
of the liquid later became necessary as a conse* 
quence of the advent of a new method of trans¬ 
porting and storing oxygen. Hitherto this had 
been done mainly in the gaseous form in the well- 
known steel cylinder, only a very small amount 
being conveyed in the liquid form in metal 
vacuum vessels. The latter are spherical in 
shape, generally made of spun copper, with long. 
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narrow nocks. The space bcfcwee'jn the walls is 
highly evacuated, preventing to a large extent 
access of heat to the liquid in the inner sphere by 
conduction and convection, whilst the walls of 
the space are highly polished to diminish ingress 
of heat by radiation. Gases slowly leaking 
through the metal walls are absorbed by char¬ 
coal placed in a receptacle in the vacuous space, 
in contact with the inner sphere. Charcoal has 
tlie remarkable property, discovered by Dewar 
in 1904, of very effectively removing gases at 
low pressures when cooled to the temperature of 
liquid oxygen. Charging of the container wdth 
liquid, therefore, automatically brings this 
j)roperty into play, and ensures an excellent 
vacuum. A container with a capacity of 25 litres 
loses per day about 5% of its full charge. 

Construction difficulties arise in the manu- 
facutre of containers on this principle to hold 
more than about 100 litres. However, the need 
for vacuum insulation disappears with largo 
vessels. Generally speaking, the rate at which 
heat enters the vessel, and hence the mass of 
liquid evaporated per unit time, is j^roportional 
to the surface of the vessel, while the mass of 
liquid that the vessel will hold is proportional to 
the volume. Whereas the surface area is pro- 
})ortional to the square of the diameter, the 
volume is proportional to the cube of the dia¬ 
meter. Hence it follows that as the sphere 
increases in size, the fraction of the full charge 
of liquid oxygen evaporated in unit time becomes 
smaller. 

Heat-insulating materials like slag w^ool and 
magnesium carbonate can, in the case of large 
vessels, replace the vacuum jacket and yield a 
container with a quite small evaporation loss. 
This can bo further diminished by conducting 
the cold evaporated gas through a pipe coiled in 
the insulating material. Containers having a 
capacity up to 12,000 litres have been con¬ 
structed, with hourly losses of liquid less than 
0'1% of the fuU charge. Whereas the usual 
trade cylinder is some 10 times as heavy as the 
contained gaseous oxygen, the weight of a 
spherical container holding 3,000 litres of liquid 
oxygen is less than one-third of the weight of the 
contained oxygen. 

Transport costs are considerably reduced 
therefore in the latter case; about 8 times as 
much oxygen can be sent as liquid as could be 
sent in cylinders on a lorry of the same capacity. 
This method of distribution was developed 
mainly by Heylandt. 

Liquid oxygen from the production plant is 
passed directly into a storage tank, of capacity 
up to 12,000 htres (about 350,000 cu. ft. of gas 
at 15°c. and 7G0 mm.), and is transferred as 
required to a transport tank, of capacity up to 
3,000 litres. For rapid evaporation at the place 
of consumption a warm evaporator or a liquid 
oxygen pump is employed. 

The warm evaporator consists of a seamless 
steel high-pressure vessel, immersed in a water 
jacket, and provided with a separate thin-walled 
inner vessel of similar shape, but somewhat 
smaller, so that an annular space exists between 
the two vessels, with little or no metal contact 
between the two. A definite quantity of liquid 
oxygen is introduced into the inner vessel from 


the transport tank, the amount of liquid lost by 
evaporation during this operation being small 
by reason of the small heat content of the light 
inner vessel. A plug is then inserted in the 
filling opening, and as boat passes from the water 
jacket across the metal waUs and the gas space, 
so liquid oxygon is evaporated. The resulting 
gas gradually builds up pressure in the evaporator 
and connected storage vessels. As the pressure 
rises the influx of heat increases, due to increased 
convection effects in the gas space, and the 
evaporation is complete in one-half to two 
hours. In this period from 24 to 400 cu. m. 
of highly compressed gas are obtained, according 
to the size of the evaporator (Fig. 11). 

In the method operated by L’Air Liquide, the 
liquid is delivered from the transport tank by 
means of a pump, working in the cold liquid in a 
small auxiliary tank, wherein a constant level is 
maintained, sufficiently high to immerse the 
pump. The liquid oxygen delivered by the 
pump is evaporated in a number of copper coils 



immersed in water, and thereafter delivered to 
the storage vessels. The pumps are built with 
outputs of 150 and 300 cu. m. of gas per hour. 

For gradual evaporation, the liquid is stored 
in a cold evaporajbor (v. this Vol., p. 181c), and 
evaporated according to requirements. 

The FrankI Regenerator. —In recent years, 
developments of considerable importance have 
occurred in gaseous oxygen production, based 
on the introduction by FrankI of a more efficient 
heat interchange device. If the counter-current 
gases are at low pressure, it is possible to make 
very efficient interchangers of the usual tubular 
type only by increasing the copper transfer 
surface, or by increasing the gas velocity; 
the first expedient increases the difficulty 
and cost of construction, whilst the latter in¬ 
creases the power expenditure, since greater 
velocity means greater power expenditure to 
overcome gas resistance. The FrankI inter¬ 
changer, or “ regenerator,” as it is called, 
consists of a cylindrical vessel, 4-5 m. high, of 
suitable diameter, packed with layers of spirally 
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wound corrugated thin metal bands, about vapour and carbon dioxide can be tolerated in 
2-5 cm. wide. A very large contact surface is practically all the applications of oxygen, and 
thus provided in a relatively small space, with a thus it becomes unnecessary to provide special 
considerably reduced resistance to the passage air drying and purification equipment. Re- 
of gas. Such regenerators are easy to construct, generators are especially applicable to the pro- 
They are installed in pairs. While one of the duction of air enriched in oxygen; they are not 
cold separated gases is being warmed by passage applicable to plants for the production of very 
out through one of the regenerators, ingoing pure oxygen, since each change-over necessarily 
warm air is being cooled by passage through the leads to a contamination of the oxygen by air. 
other; after a period of 1-4 minutes, the opera- They are suitable only for large plants, and for 
tion is reversed; the warm air is now sent oxygen qualities of 40-98-5%. 
through the regenerator which has just been The increased efficiency.of regenerators enables 
cooled by separated gas, etc., the process thus a plant to bo run with an expansion engine fed 
being intermittent. In the case of air with two \yR1i very low pressure air. With their aid it is 
separated products, two pairs of regenerators possible to send part of the feed directly into the 
would need to be installed. Water vapour and top column at the very low pressure obtaining 
carbon dioxide are deposited from the air feed there, and without any previous separation of its 
as solids on the regenerator packing, and are constituents. Hitherto, it was not possible to 
removed again as vapours by the outgoing gas, construct suitably efficient tubular inter- 
such removal being facilitated by the greater changers for such low jiressures. All the air is 
volume of the latter as compared with that of comi)ressed to about 4 atm., and 30% of it is 
the ingoing compressed air. Traces of water expanded in a turbine to the upper column 



Fig. 12. 


pressure, developing thereby sufficient cold for through regenerators a, a' (Fig. 13), in a bath o 
the process. of impure oxygen having a lower temperature 

Several large plants have recently been built than pure liquid oxygen. The remainder of the 
based on a variation of tins last process. About air is merely boosted through regenerators b, b', 
90% of the air feed is compressed to about and introduced directly into the single column i). 
4-3 atm., cooled in regenerators a, b, or a', b' In this case cold losses are made up by a separate 
(Fig. 12), and admitted to the pressure column c. supply of liquid air at k. Less power expendi- 
To produce the necessaty cold, nitrogen at ture is needed to produce enriched air by this 
4-3 atm. is taken from the summit of the con- method, than by separating out substantially 
denser i), in quantity approximating to 20% of pure oxygen, and then mixing it with air. 
the total air feed, heated somewhat in inter- Oxygen by Electrolysis.—8ome of the 
changer e, and expanded in a high-speed turbine oxygon used industrially arises as a by-product 
almost to atmospheric pressure. The greater in the manufacture of hydrogen by electrolysis, 
part of the expanded nitrogen returns directly The twentieth century has witnessed a great 
through the regenerators, a small amount pass- development in the use of hydrogen industrially 
ing through inter changer r. In interchangers e for such purposes as ammonia synthesis, oil 
and F is Hquefied the remaining 4% of the air and fat hardening, liquefaction of soHd fuels, 
feed, supplied at about 120 atm. The quality etc. Where cheap water power has been 
of the oxygen obtained is about 98*6%. - available hydrogen produced electrolyticaUy 

Again, if air enriched in oxygen (45%) is has been able to enter this field, stimulating 
required, it begomes necessary to compress part efforts to build more perfect electrolysers. The 
of the air feed (about one-third) to only 1-5 atm. purity of electrolytic gases is exceptionally high, 
instead of 4 atm., since the lower pressure Modem plants yield hydrogen over 99-9% 
suffices to bffect its liquefaction after passage pure, and oxygon 99-8% pure, direct from the 







190 


OXYGEN, PRODUCTION OF. 


eloctrolyser. Earlier planta were aometimea sup¬ 
plied with purifiers, wherein the gases were 
passed over platinised asbestos or palladium 
pumice at an elevated temperature. Moreover, 
the hydrogen is free from catalyst poisoning im¬ 
purities like carbon monoxide, a feature of con¬ 
siderable importance in some applications. For 
this reason numerous small electrolytic plants 
have been installed where water power has not 
been available. 

Generally, the oxygen from the larger jdants 
is discharged to the atmosphere. In some cases 
it is used, e.g., for oxidising synthesised am¬ 
monia. 

The lowest voltage at which a permanent 
current may be passed through water is in the 
neighbourhood of 1*7 v., and tliis determines the 
minimum possible energy expenditure. This 
efticiency cannot be attained in practice, how¬ 
ever, as the resistance of the electrolyte and the 
resistance duo to the presence of a diaphragm 
necessitate an increase in the voltage. The 
principle aims in the design of electrolytic cells 
have been to obtain the lowest possi})k* resist¬ 


ance, to prevent inter-mixing of the gases, to 
prevent corrosion of the component parts and to 
diminish the floor space occupied by the plant. 

The resistance of the electrolyte has been 
reduced as much as possible by employing solu¬ 
tions having maximum conductivity. Sodium 
hydroxide (about 20%), potassium hydroxide 
(20-30%), and sulphuric acid have been used— 
the last no longer since corrosion difficulties 
have been too serious. Since the resistance of 
the electrolyte diminishes with rise in tempera¬ 
ture, its temperature is maintained at from 40"' 
to 80°c. The heat developed by the resistance 
of the electrolyte is sufficient for this purpose, 
if the current density is suitably high; indeed, 
with very liigh current-densities, the tempera¬ 
ture of the electrolyte is prevented from rising 
above 80°c. by water cooling. The path of the 
current through the electrolyte from electrode 
to electrode is maintained as short as possible 
by arranging the electrode surfaces as close 
together as possible. 

inter-mixing of the gases is usually prevented 
1 ) 3 ' arranging a diaphragm of a-sbestos cloth, 
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sheet iron, or nickel between the electrodes. 
Corrosion of the iron anode has been prevented 
by covering the surface with nickel, preferably 
in the matt condition. Floor space has been 
conserved by increasing current density per 
unit of electrode area, and by adopting the filter 
press construction. 

The first practical applications of the elec¬ 
trolytic decomposition of water date back about 
50 years. D’Arsonval produced oxygen for 
physiological purposes on a laboratory scale in 
1885. The first large-scale apparatus was con¬ 
structed, it seems, about 1885 by Latchinoff, who 
used iron electrodes in caustic soda solution with 
asbestos cloth diaphragms. 

In 1892 Garuti produced a type of cell in which 
a number of flat sheet-iron electrodes were 
disposed vertically in a tank, alternately positive 
and negative, and close together. In place of 
asbestos, sheet-iron diaphragms were used, 
arranged as gas collecting bells over the 
cathodes; it was discovered that if the voltage 
between the electrodes was less than double the 
decomposition value for water, t.e., less than 


about 3 v., the metal diaphragm-would not act 
as an electrode. The diaphragm was later per¬ 
forated below the electrolyte level, with the 
object of diminishing the resistance. Any 
number of electrodes could be placed in a tank, 
alternate anodes and cathodes being connected 
up in parallel. 

In 1899 Schmidt introduced an essentially 
different construction. Iron plate electrodes, 
recessed on each side, were clamped together in 
the manner of a filter press, being separated from 
each other by an asbestos diaphragm and in¬ 
sulating joints. The electrodes were bipolar in 
this arrangement, current entering at one end 
of the press and passing from electrode to elec¬ 
trode throughout the length of the battery. 
Hydrogen was evolved on one face of each elec¬ 
trode, and oxygen on the other. The gases were 
led away through channels similar to those used 
in filter-press practice for the discharge of the 
filtrate. The number of cells per unit range from 
30, requiring 70 v., to 130, requiring 300 v, 

Schoop (1900) devised an eleotroTyser having 
electrodes surrounded by non-pdrous, non- 
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conducting diaplfil-agms. A cylindrical cell con¬ 
tained two anodes and two cathodes, the elo<*- 
trodes consisting of metal tubes, each surrounded 
by a clay or glass tube. The gases were (con¬ 
ducted away through the tubular electrodes. 
With aqueous sulphuric acid as electrolyte a lead 
tank and electrode were used; with alkaline 
electrolytes iron was the metal used. 

Siomens-Schuckert developed a modification 
of the Garuti cell. Instead of one built up (iol- 
Iccting bell, they made separate bolls (covering each 
electrode, “ U ” shape in })lan, eliminating the 
danger of gas mixing through d(d‘ects in the built 
up bell; and by shortening the electrodes, did 
away with the intervening diaphragms. The 
bells were kept apart by strips of insulating 
material. The leads were brought in to the 
electrodes through insulators in the top of the 
bells. Loss of heat by radiation was diminished 
by placing each tank in a box of sand. 

Modern Electrolysers. —Knowles improved 
on the vSchuckert cell and tlie esscintial points 
of his design remain unchanged in his plants 
to-day. His first plant was installed at Brom- 
brough, England, in 1912. It comprised 200 
cells, each taking 3,000 amperes, and was'for 
many years the world's largest ihstallation. 
The largest of his many plants in.stalled to 
date will, when completed, proc^ice 5,000 
cu.m, of hydrogen per hour, and, of course, 
half this amount of oxygen, with a power con¬ 
sumption of 24,000 kw.-hr. The upper part of 
each sheet-iron electrode i.s covered by a sheet- 
iron collecthig boll, and the lower part of oacdi 
alternate electrode is surrounded by an asbestos 
petticoat or diaphragm, open at its lower end. 
All the bells in one tank are connected rigidly 
together, and may be lifted from the tank com¬ 
plete with their connections. A skirting surround¬ 
ing the entire block of bells forms a stand on 
which it may rest when removed from tlie tank. 

In America a cell has been developed, with the 
object of retaining some of the great economy of 
floor space afforded by the filter press type. A 
battery of flat cells of the International Oxygen 
'Company has the appearance of a. filter press 
installation; but each cell is independent, and 
each has its own feed and discharge devices. 
Each cell consists of a thin rectangular frame of 
cast iron, to which two cast-iron plate electrodes 
are bolted, being separated into anode and 
cathode compartments by an a.sbesto8 dia¬ 
phragm (36 in. by 43 in.). The inner surface of 
the electrodes have numerous projections to 
facilitate the circulation of electrolyte ami the 
liberation of the gases. 

The Jjevin cell is somewhat similar, but is 
divided into three compartments by two asbestos 
diaphragms, the central compartment containing 
the cathode and each outside compartment an 
anode. 

In addition to the above, several other designs 
of the tank and bell type of electrolyser, with 
unipolar electrodes, have been constructed. 

iJp to 1926, all larger insUllations were fitted 
with the tank-and-bell type of electrolyser. 
After 1925, however, the filter press type ca.me 
again into favour in the form of the Pechkranz 
electrolyser and was widely installed in lai^o 
plants. The largest plant in the world, using 
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65,000 kw., in Norway (Norsk Hydro), was 
equipped with these electrolysers. 

A unit consisted of 80-120 bipolar circular 
(originally rectangular) plate electrodes, nickel 
plated on the anode side, 1*8 metres in diameter, 
pressed together by strong bolts between two 
east-iron end plates. The electrodes were 
separated by, and insulated from, a diaphagm 
consisting of a thin finely perforated nickel 
plate, having 1,200 holes per sq. cm.—the whole 
forming a self-contained battery. The elec¬ 
trolyte was a Holutiem of potivssium hydroxide 
working at a temperature of 65-80‘^’(;. The energy 
consumption of such a set was about 500 kw., 
the output about 90 cu.m, per hr. (at 20'c. and 
760 mm.), i.e., about 5-5 kw.-lir. per cu.m. 

Since 1929 a further improved lilttir-press elec¬ 
trolyser, the Bamag, has become increasingly 
adojfied, in some instances replacing those of the 
Pechkranz type. Auxiliary electrodes are ar¬ 
ranged, one on each side of each main electrode, 
the internal resistance of the cell being thereby 
reduced, so that the electrodtjs can carry a largo 
specific curremt load without making the cell 
voltage uneconomical. One sq. m. of electrode 
surface can be loaded up to 2,600 amperes with 
the cell voltage not exceeding 2-2. Cells of other 
types cannot take more than 1,000 amperes per 
s({. m. for the same voltage. A woven asbestos 
cloth is used for the diapbrains. Some of the 
asbestos threads have a thin core of nickel steel, 
a feature which endows the cloth with great 
mechanical strength and long life. Bamag elec¬ 
trolysers are built for outputs ranging up to 
500 cu.m, per hour from a single battery. A 
battery of 160 cells takes 7,600 amperes at a 
voltage of 360. 

High-Pressure Electrolysis. —In 1928, Dr. 
Noeggerath made available information relating 
to the development of a cell in which high 
pressures were developed and maintained during 
normal operation—up to 200 atm. Advantages 
claimed were a diminution in gas storage space, 
elimination of compressors and cost of compres¬ 
sion where the gases were to be used at high 
pressure, and a very efficient electrolysis from 
the point of view of power expenditure. It 
appears that a Noeggerath high-pressure cell has 
been working satisfactorily in Germany. In 
1937 a pressure electrolyser was in operation 
near Gelsenkirchen, Germany, delivering hydro¬ 
gen at 150 atm. It was on a semi-commercial 
scale, producing 400 cu. ft. of hydrogen per 
hour. An ingenious automatic control system 
was incorporated to guard against accidental 
mixture of the compressed hydrogen and 
oxygen. No appreciable economy in power con¬ 
sumption was indicated, and the ever-present 
risk of explosion is likely to militate against the 
adoption of the procsess. 

C, R. H. 

OXYHAEiyiOGLOBIN {v. Vol. II, 216i 
VI, 164d, 166c, l66a, c). 

“ OXYLIQUIT ” (V, Vol. IV, 646a). 

OXYNARCOTINE (v. Opium, this Vol., 
p.ll3). 

OXYPHLOROGLUCINOL (v. Phenol 
AND Homolooues, this Vol., p. 466d). 

OZOKERITE. A natural mineral wax {v, 
Vol, 11, 50dd)t colourless to white when pure, but 
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usually dark yellow or brown, often with a leek- 
green opalescence. It is probably derived from 
the polymerisation of paraffin-base petroleum, 
and is mined in Polish Galicia and formerly in 
Utah. In Galicia, ozokerite occurs squeezed up 
into fractures, so as to form vein-like bodies 
which are woriced by shafts and galleries. It is 
used chiefly for the manufacture of wax candles 
and petrolatum, for electrical insulation, and 
for waterproofing. From a production of nearly 
1,000 tons in 1930 tho production of ozokerite in 
Poland declined to less than 400 tons in 1935, 
when most of tho output was sent to Germany 
for refining. 

1).^ W. 

OZONE, Oy. Molecular weight, 48-00. 

Historical.—In 1785, 11 years after the dis¬ 
covery of oxygon by Priestley, Van Marum drew 
attention to the facd that the air in tho neigh¬ 
bourhood of an electrical machine possessed 
a characteristic odour. Cruickshank, in 180.1, 
noticed the same characteristic odour in tho gas 
appearing at the anode durmg the electrolysis 
of w^ater. Schonbein, in 1840, was tho first, 
how’cver, to recognise the formation under these 
conditions of a new gas to which he gave the 
name “ ozone ” (o^co, 1 smell ); ho reported that 
ozone was formed during the electrolysis of 
water and also by the slow oxidation of phos¬ 
phorus in the presence of moist air. At first 
this new gas was considered to be an oxide of | 
hydrogen, but the researches of Mariguac and 
lie la Hive (1845), Becquerel (1852), Tait (1800), 
Soret (ISbO) and others led to the acceptance of 
ozone as an allotropic form of oxygen, formed by 
condensation of three molecules of oxygen to 
form two of ozone, thereby establishing the 
triatornic nature of tho ipolcculo. 

Occurrence. —Ozone occurs in the atmo¬ 
sphere in varying proportions, being constantly 
produced in the upper regions of tho atmosi>here 
by the action of ultra-violet radiation on ordi¬ 
nary molecular oxygen. The reaction of ozone 
wdth water vapour to form hydrogen peroxide 
leads to a considerable diminution of the content 
of ozone in the atmosphere. Dobson, Harrison, 
and Lawrence found a marked connection 
between the amount of atmospheric ozone and 
the meteorological upper air conditions (Proc. 
Roy. Soc. 1927, A, 114, 521). It has been 
observed by Chalonge (Compt. rend. 1928, 186, 
446) that the thickness of the atmospheric ozone 
layer is appreciably greater at night than in the 
day. The ozone content of city air is usually 
only a few parts per million. If present in 
amounts larger than about one part in twenty 
thousand ozone is an irritant. Edgar and 
Paneth have reported on the concentration of 
ozone in London air during a period of 6 months 
during 1938; considerable variation occurred 
(J.C.S. 1941, 511). 

Preparation. —Ozone is mogt easily pre¬ 
pared by physical processes^ involving mole¬ 
cular oxygen. The formation takes place 
through the intermediate formation of atomic 
oxygen, which then reacts with a further mole¬ 
cule of oxygen by means of a three-body 
collision; O-f 0a+X=?03+X-|-24*l kg.-cal. 
The third body (X) can be Either another gas 
molecule or a catal 3 d;ically active surface. From 


this it would bo expected that the yield of ozono 
should be dependent upon the gas pressure, and 
this is in fact the case. At atmospheric pressure 
oxygen atoms would make approximately a 
million three-body collisions })er second, loading 
to the formation of ozone, whereas at 1 mm. 
pressure the frequency falls to 10 per second, and 
at even lower pressures tho reaction O-fO-fX 
=02+ X-f 116-4 kg.-(‘al. becomes predominant. 
Destruction of the atomic oxygen centres may 
also occur by tho reaction 0-1-03--20 2, a 
pr(»cess for which the activation energy has been 
calculated as 6-2 kg.-cal., compared wdth 4 kg.- 
cal. for the reaction 0 - 102 — 03 . The overall 
redaction is a markedly endothermic process, 
3O2-2O3-69 kg.-cal. 

The endothermic character of tlie reaction 
suggests that the formation of ozono from mole¬ 
cular oxygen at high temperatures sliould bo 
possible. Nernst has calculated that at 2,183"c. 
the ecjuilibriurn mixture with oxygen contains 
0-1%, nt 3,230"o., 1%, and at 6,64()%\, 10% of 
ozone. Experimental verification of these 
results has been obtained by Fischer and his 
co-work^^rs (Ber. 1911, 44, 2956). In attempts 
to' produce quantities of ozone by a purely 
thermal process, a great deal of ex])crimental 
work has been carried out. iSmall (quantities of 
ozone are produced wlicn air or oxygon is 
rapidly removed from contact with a Nernst 
filament or wffien a Nornst filament at 2,200 c. is 
plunged into licquid oxygen. Ozono has also 
been detected in tho oxy-hydrogen and oxy- 
acctylene flames. The failure to produce ozone 
by thermal processes lies in tho rate of decom- 
positi(jn of c..one at tho elevated temperatures 
involved; thus, for example, at l,000'‘’c. in 
oxygen containing 1% of ozone tho amount of 
ozone would bo reduced to 0-001% in 0-0007 sec. 
(Clement, Ann. Physik, 1904, [iv], 14, 334). 

The formation of ozone in an electrical dis¬ 
charge has been known since Van Marum’s 
original discovery, and it is this method which 
most readily lends itself to the production of 
ozone, both in tho laboratory and on the in¬ 
dustrial scale. The simplest form of ozonisef 
j makes use of tho electrostatic field produced 
when a charge of high potential is allowed to 
pass through oxygen or air confined betw'cen the 
electrodes. This procedure was first used by 
Siemens in 1857, who subjected oxygon to both 
a silent and a glow discharge and showed that 
in both cases ozone was formed, although no 
ozone resulted from the action of electric sparks 
on oxygen. 

The original Siemens “ induction tube ” con¬ 
sisted of two concentric glass tubes, the outer 
tube being covered and tho inner tube lined with 
tinfoil. A current of air or oxygen was passed 
through the narrow annular space between tho 
tubes, the metallic surfaces of the inner and 
outer tubes being connected with the terminals 
of an induction coil or electrical machine. Using 
such an arrangement, 3-8% of dry oxygen can 
be transformed into ozone. With improved 
ozonisers of this type working at atmospheric 
pressure and normal temperatures, yields up to 
20% may be obtained. 

A great number of modifications of the 
apparatus have been employed, all of which are 
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very similar in principle but vary in the nature 
and design of the c4(H-trodeH. Jn the design due 
originally to Brodie (1872), and usually referred 
to as Berthelot's ozoniser, the metallic plates are 
replaced by electrolytic solutions (usually copper 
sulphate solution). 8 u(!h an arrangement also 
provides some cooling for the ozoniser. Shot, 
powdered graphite, and similar materials have 
also been used as electrode materials. 

The yield of ozone has been shown to bo in¬ 
creased if pure dry oxygen is used in preference 
to air, which usually results in the formation of 
traces of nitrogen oxides. Further incTease in 
the conversion may be achieved by cooling the 
ozoniser and incoming oxygen and also by in¬ 
creasing the preissure. 

Brincr and Durand (Compt. rend. 11)07, 145, 
1272) succeeded in converting 99% of the 
oxygen to ozone by cooling the ozoniser in liquid 
nitrogen. The conversion at ~80°c., using 
otherwise identical conditions, was only 11 %. 

The action of ultra-violet radiation on oxygen 
leads to the production of ozone. This photo¬ 
chemical formation can be shown to be a reaction 
involving atomic oxyg(Mi, but between 1,750 and 
2,500 A. another reaction is also possible in¬ 
volving a chain process initiated by a collision 
between a photochemically activated oxygen 
molecule and a normal oxyg(!n molecule, 
© 2 *+Og "> Og-f O. The presence of excited 
mercury atoms lias been shown to stimulate the 
formation of ozone (DiciJiisiui and Sherrill, 
JToe. Nat. Acad. Sci. 192(), 12, 175). Jung aiicl 
Kunau (Z. physikal. t'hein. 1931, B, 15, 45) 
have shown that the photochemical formation of 
ozone in the presence of zinc oxide occurs only 
when the zinc; oxide contains a little undecom- 
])osed zinc nitrate, but no relationship was dis¬ 
covered b('tween the sensitisation and the visible 
luminescence of zinc oxide. 

Oxygen liberated at the anode daring the 
electrolysis of aqueous Hohitions always contains 
a small (juantity of ozone unless special pre¬ 
cautions an^ taken to prevent its formation. 
High cuiTcnt densities and low electrolysis 
temperatures have been shown by Briner and 
Yalda (Helv. Ohirn. Acta, 1941, 24, 1328) to 
favour the formation of ozone. The concentra¬ 
tion and nature of the electrolyte aro less im¬ 
portant contributory factors. Duhme and 
(jierdien (Wiss. Voroif. 8 iemens-Konzern, 1928, 
7, 304) by use of a current density of 450 amp. 
per sq. cm., which they achieved by pumping 
cooled sulphuric acid at a high velocity through 
hollow electrodes, wore able to obtain oxygon 
containing as much a.s 9% of ozone. Using an 
alternating current suj)crimposcd on a direct 
cuiTcnt, Archibald and Wartenberg (Z. Elcktro- 
chem. 1911, 17, 812) obtained yields of up to 
37% of ozone. They attributed this remarkable 
increase in yield to the reduction of electrode 
polarisation. 

The formation of ozone from oxygon under the 
inlluenco of electrons and a-particles has been 
reported. P, and M. Curie reported the for¬ 
mation of ozone by the action of radiation from 
radium (Compt. rend. 1899, 129, 823). It has 
been reported that the evaporation of salt water 
in the form of spray leads to the formation of 
traces of ozone; this may be associated with the 
VoL. IX.—13 
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production of static electricity during the splash¬ 
ing of water. 

Only a very few chemical processes lead to the 
formation of ozone in quantities other than 
traces. The majority of the reactions which 
liberate oxygen load to the formation of traces 
of ozone. 

The slow oxidation of phosphorus, which has 
been studied by many workers, also loads to the 
formation of some ozone, possibly by reaction 
between a peroxide and oxygen, 

P03-|-02--> PO 2 +O 3 . 

The reaction of fluorine with water leads 
directly to tlie liberation of ozonised oxygen con¬ 
taining up to 15% of ozone. The reaction, first 
studied by Moissan, is very vigorous, and may 
bo represented by the following equations : 

2F2f2H20~>4HF+02 

.and 

3F2 j SHgO-^eHFFOg. 

.Small yields of ozone are obtained by the 
action of concentrated sulphuric acid on a 
powerful oxidising agent such as barium per¬ 
oxide, potassium diohromate, or potassium 
permanganate. Ozone is not produced in the 
thermal decomposition of potassium chlorate, 
probably because of the high temperature 
requireii to efTcct the reaction, but in the 
presence of catalysts such that the reaction 
procciHis at a much lower temperature, traces of 
ozone appear. Various early reports of the 
formation of ozone in chemical reactions are in 
doubt owing to the difficulty of detecting traces 
of ozone in the presence of similar quantities of 
halogens and nitrogen oxides. 

Pure ozone has been prepared by fractional 
distillation of ozone-oxygen iriixtures [e.g., 
Karror and Wulf, J. Amer. Chem. Soc. 1922, 44, 
2391). Ricsenfeld and .Schwab (Ber. 1922, 55 
1 B], 2088) were able to obtain pure ozone bj?^ the 
following procedure: the liquefied gases were 
found after evaporation to separate into an 
upper, deep-blue layer, which was a solution of 
ozone in liquid oxygon, and a lower, violet layer, 
which was a solution of oxygen in liquid ozone 
and contained only 30% of oxygen at — 183°o. 
By separation of the lower layer and subsequent 
fractional distillation pure liquid ozone, which 
was dark blue, was obtained (b.p. —ll2'4°o.). 

The Industrial Preparation of Ozone.— 
Designs of industrial ozonisers are exeoodingl}^ 
numerous, although the principle underlying 
their design is in all cases that of the silent 
electric discharge. 

The influence of the form of the ozoniser 
electrodes has been the subject of a paper by 
Otto and Bennett (J. Chem. Physics, 1940, 8 , 
899). Manley (Trans, Electroehom. 800 , 1943, 
84, 127) has studied the electrical character¬ 
istics of the discharge occurring in ozonisers, 
whilst Lunt (Phil. Mag. 1927, [vrii], 3, 1025) has 
reported on the power-voltage characteristics 
of the various t^qxes of Siemens ozonisers. The 
advantage of using a high frequency current in 
the production of ozone is discussed by Wilke 
(Siemens Z. 1927, 7, 11). A frequency of 10,000 
cycles per sec. enables concentrations of 6~10 g. 
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of ozone per cu.m, lo be readied, with a yield of 
(iO g. of ozone per kw.-lir. 

A few examples of the various designs em- 
j»loycd are cited below, 'flie air in these ozonisens 
is drawn or forced through as is most con¬ 
venient. When dry air is used and the tempera¬ 
ture lvei)t down, about 40-00 g. of ozone per 
kw.-hr. are obtained at a concentration of about 
12 g. per cu.m. If oxygen is substituted, 120- 
180 g. of ozone are obtained. From thermo- 
chemical considerations the theoretical yield of 
ozone should be about 1-2 l:g. of ozone per 
kw.-hr., so that the actual yield with air is only 
about 5%, and with oxygen 15% of theory. 

The Siemeiis-lialskc Ozonitier. —This ozoniser 
consists of a battery of glass or jioixelain tubes 
with internal aluminium tubes, enclosed in an 
earthed iron tank, containing water which is 
circulated to cool the equipment. The aluminium 
tubes are charged to a })otential of 8,000 - 
10,000 Y. and the air passes through the annular 
space between the tubes. Each battery of six 
to eight tubes requires 0-5 kw. 

The Tindall-iSi'hnelkr Ozoniser. —The use of a 
dielectric is avoided in this ozoni.ser by arranging 
for the air to pass at high \ elocity (this is nei^es- 
sary to prevent sparking) through an electric 
field maintained between an outer electrode, 
whic h is water cooled, and an inner ekadrode 
consisting of a metal plate. 

Abrahavi-Marinivr Ozoniser .—This aj>- 
paratus is based on the discharge of from 12,000 
to 15,000 between two large glass plates 
adjacent to two water-cooled tanks uhich form 
the electrodes. The air passes solely between 
the glass plates. 

The Marius-Oito Ozoniser .—A voltage of 
11,000-15,000 V. is maintained between a fixed 
iron cylinder and a series of aluminium discs 
attached to a rotating axle; the air is passed 
directly through the tube, no dielectric being 
employed. 

The Ozonair Ozoniser .—Two plates made cjf an 
aluminium alloy gauze are separated by a plate 
of insulator. The open character of the }dates 
ensures that the air circulation prevents undue 
heating and obviates the need for cooling. 
Several of these pairs of plales are enclosed in a 
case to form a unit. The voltage used is 5,000- 
8,000 V. 

The following reviews deal with the design of 
ozonisers: Lewis, Chem. Eng. Mining Kev. 
1923, 16, 105; Hartman, J.S.C.I. 1923, 42, 
117t; Vivian, Compressed Air Mag. 1941, 46, 
6568. 

Technical ozone production is also dealt wdth 
in various textbooks of electrochemistry, e.g.y 
K. Arndt in “ Technische Electro-Chemie,” 
Stuttgart, 1929, 

Physical Properties. —Determinations of 
the molecular w^eight of ozone show that it is a 
triatomic molecule consisting solely of oxygen 
atoms. The structure of the ozone molecule was 
originally assumed to be cyclic in order to satisfy 
the known divalency of oxygen. This formula¬ 
tion, however, failed to represent the reactions 
of ozone which suggested that it was “ oxidised 
oxygen ” and contained bonds of different 
strength; the formulation involving quadri¬ 
valent oxygen, 0 = 0 — 0 , was therefore often 


preferred. Pauling (J. Arner. Chem. Soc. 1932, 
54, 3581) has calculated the heat of formation 
from molecular oxygen t)f the cyclic structure. 
The value is much "greater than is in fact found, 
and this structure is therefore exc*Iuded. The 
quadrivalent oxygen atom is well known in 
moleenlos such as basic beryllium acetate, and 
possesses a tetrahedral valency distribution. By 
analogy with the carbon-dioxide molecule th(^ 
molecule 0- 0^ O would be expected to be 
linear. Evidence obtained from dipole-moment 
data suggested that the molecaile w'as non¬ 
linear. Determination of the 0-0-0 valency 
angle and the 0-0 distance gave values of 
127 j 3'^ and l-26d:0-02 A. The 0-0 distance 
is considerably shorter than the 0-0 distance 
in hydrogen ])eroxidc (1-46 a.), where the value 
is assumed to be that of a single 0 — 0 bond. 
Since neither the cyclic nor the linear structure 
is satisfactory in the light of new evidence, 
fSband and Spurr {ibid. 1943, 65, 179) have 
deseril>ed the molecule in terms (jf resonance 
between the folknviiig struetiires : 

O 0+0 o 

// 'x / \x / \ / \ 

O 0 -0 0 -0 0 + -IO o- 

Ozone has been variously described as possess¬ 
ing an odour like sulphur dioxide, garlic, ami 
chlorine. The otlour of ozone is ]»ereeptihle at. 
eoncentrations of les.s than one part jicr millkm 
of air. In concejit rations greater t lian two jiarts 
per million ozone irritates the rosjiiratory tract 
and at high coneentratious it results in damage 
to the tissues. 

Many ol rhe early det(,*rminations of the 
physical properties of ozone were c arried out. 
using impure samples ; however, Kiesenfeld and 
his school, and Karrer aiid Wiilf, were able to 
obtain pure ozone, and redetermined many of 
the physical properties. 

Pure gaseous ozone possesses a faint blue 
colour and has a vapour density exactly corre¬ 
sponding to the formula O 3 . By extrapolation 
of values obtained w ith mixtures of oxygen and 
ozone the ratio of the specific heats has been 
obtained, y-=l-29. Ozone is more soluble in 
water than is oxygen. Laden burg (Annalen, 
1898, 31, 3508) and Moufang (Woehschr. 
Brauerei, 1911, 28, 434) have obtained the follow'- 
ing values for the solubility in w'ater : 

0® 2® 28° 

20 10 1-5 mg. per 1. 

The solution possf^sses the eharacieristic odour 
of ozone and has strong oxidising properties. 
Several determinations of the partition of 
ozone between water and ozonised oxygen have 
been made; values from 0'' to 60°c. were deter¬ 
mined by Mailferi (Compt, rend. 1894, 119, 951), 
who showed that the solubility decreased with 
increasing temperature, becoming zero at 60°o. 

The solubility of ozone decreases slightly with 
increasing acid concentration. Thus the ab¬ 
sorption coefficient at 0°o. for 01 n. sulphuric 
acid is 0-487 (Luther, 2. Elektrochem. 1911, 11 , 
832), compared with a value for water at O'^o. of 
0-494. Solutions of ozone in water decompose 
at an increasing rate with decrease in the aeid 
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concentration or on addition of alkalis. The 
solution of ozono sulphuric acid has 

been shown to obey Henry’s Law. Carbon 
tetrachloride dissolves nearly five times as much 
ozono as does water (Brincr and Perrottct, Holv. 
Chim. Acta. 1939, 22, 585). 

The values of the electrode potential of ozone, 
which have recently been reviewed by Briner 
{ibid. 1942, 25, 98), vary widely, but all are 
below the value of 0-84 v. at 20'^c. calculated 
from the free energy of the equation 
The discrepancies are duo chiefly to decom¬ 
position of ozone at the electrodes. Kassel 
(J. (3hem. Physics, 1933, 1, 414) obtained the 
value 2-07 v. for the oxidation potential of the 
system 03 (g) 4 -2H + + 2e 02(g)+H^Oa). 

The data available on the magnetic properties 
of ozono are exceedingly discordant. Becquercl 
(Coinpt. rend. 1881, 92, 348) and Schumoister 
(Sitziingsber. Akad. Wiss. Wien, 1881, 89, 45) 
state that the gas is more paramagnetic than 
oxygen, whereas Wulf (Proc. Nat. Acad. Sci. 

1927, 13, 744) has found that ozono is less para¬ 
magnetic than oxyg(‘n, with a susceptibility 
which is approximately zero or possibly negative. 
These observations of Wulf are in agreement 
with G. N. Lewis's theory, since ozone contains 
no unpaired electrons. V'aidyanathan (Indian 
J. Physics 1928, 3, 151) has calculated from the 
additivity of the magnetic properties of ozonidcs, 
which arc all very strongly diamagnetic, that 
ozone is diamagnetic (y —— 25x lO’’®). Laine 
(Cornpt. rend. 1933, 198, 910) has, however, 
shown that ozone is j^aramagnotic with a sus¬ 
ceptibility indepiuident of temperature. The 
whole question of the magnetic properties of 
ozone is in a very unsatisfac'tory state, the 
results obtained so far indicating that the 
susceptibility has a small value either i^ositive 
or negative. 

The refractive index of ozone has been cal¬ 
culated by extrapolation from values obtained 
with oxygon-ozone mixtures by Cuthbertson 
(Phil. Trans. 1914, A, 213, 10): 

A 4800 5085 5209 5401 5770 5790 

100(p;^-l) 532-9 520-2 523-7 520-0 516-2 515-1 

(A is the wave-length in Angstrom units and 
is the refractive index). 

Gaseous ozone has absorption bands in the 
infra-red between 4-8 and 15p., in the visible 
spectrum between 4,350 and 6,400 a. (Colange, 
J. Phys. Radium, 1927, [vi], 8, 254) in the near 
ultra-violet between 3,050 and 3,500 a., known 
as the Huggins bands (Barbier and Chalonge, 
Ann. Physik, 1942, [v], 17, 272) and in the far 
ultra-violet continuous absorption occurs with an 
intense maximum reported at 2,500 a. (Liiuchli, 
Helv. Phys. Acta, 1928, 1, 232; Z. Physik, 
1929, 68, 92). 

The Raman spectrum of ozone was examined 
by Sutherland and Gerhard (Nature, 1932, 180, 
241) using a 30% solution of ozone in liquid 
oxygon; an extremely weak doublet corre.spond- 
ing to a mean frequency shift of 1,280 cm.^^ 
was observed. 

Ozone is al>sorbed on silica gel and the iso¬ 
therms have been calculated (Magnus and 
Grahlmg, Z. physikal. Chem. 1929, A, 145, 27). 
The dipole moment of ozone, according to : 
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I Lewis and Smyth (J. Arner. Chem. Soo. 1939, 
1 61, 3063), is p.-0-49x 10-^® e.s.u. 

Liquid ozono has a deep blue colour and boils 
. at — 112-4°c. At — 183'^c. the liquid density is 
l-71J:^0-05. The critical temperature is —5'^c. 
and the corresponding (critical pressure 65 atm. 
and density 0-54. The liquid solidifies at 
—251-4°c. to deep indigo crystals. The vapour 
pressure of liquid ozone follows the equation : 

log p=-(3,700/4-571T) f 

1-75 log T;-(0-05099/4-571)T+5-850, 

where p is the pressure in mm. of mercury and 
T is in degrees absolute (Spangenberg, Z. 
Physikal. Chem, 1926, 119, 419). Liquid ozone 
is miscible in all proportions with liquid nitro¬ 
gen. It is a non-conductor of electricity. 

Chemical Properties.—The chemical pro¬ 
perties arc all associated with the instability of 
the ozone molecule, and apart from the for¬ 
mation of certain additive compounds are 
characteristic of a powerful oxidising agent. 
Several substances which do not react with 
ox^’^gen do so readily with its allotrope, ozono. 

Pure dry gaseous ozone decomposes slowly at 
room temperature but at 300'^c. the decom¬ 
position is almost instantaneous. The decom¬ 
position of exj^^gen-ozone mixtures occurs with 
luminescence at elevated temperatures. The 
decomposition 203=302-1'69 kg.-cal. is an 
exothermic reaction also involving an increase 
in volume and can become explosive if the rate 
is sufficiently high. Pure liquid ozone is said to 
be quite .stable, but admixed with liquid oxygen 
it is dangerous, being sensitive to mechanical 
shock. 

Exposure to light accelerates the decom¬ 
position of ozono and accordingly it is more 
reactive as an oxidising agent in the presence 
of sunlight. Platinum black, copper oxide, load 
dioxide, manganese dioxide, and various other 
oxides exert a catalytic effect on the decom¬ 
position. Traces of chlorine and nitrogen di- 
oxiile accelerate the decomposition, which can 
also occur catalytically on metallic surfaces, as 
has been shown by Kaschtanov, Ivanova, and 
Kyzhov (J. Applied Chem. U.S.S.R. 1936, 9, 
2176). Silver is the best catalyst and aluminium 
the least effective; copper, lead, and tin have 
little effect. Phosphorus pentoxide was re¬ 
ported to catalyse the decomposition, but Smith 
(J. Amer. Chem. Soc. 1925, 47, 1850) has shown 
that this action was due to impurities, and that 
resublimed phosphorus pentoxide does not 
effect the decomposition. 

Barbier and Chalonge have shown that when 
ozone and nitrogen are pa.s8od together through 
a hot tube, nitrogen dioxide is formed (Corapt. 
rend. 1941, 213, 1010). The decomposition of 
ozono in aqueous solutions is dependent on the 
pH of the solution. Neutral salts have no 
effect, acid salts decrease the rate, and alkaline 
salts increase the rate. The decomposition is 
apparently of the second order. 

Ozone reacts with most metals under appro¬ 
priate conditions, though gold and members of 
the platinum group are not attacked, and the 
reaction leads to the formation of oxides. In 
the case of silver a higher oxide appears to be 
formed (Jirsa and Jelinek, Z. anorg. Chem. 1926, 
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158, 61). If the metals are in the massive state 
a surface liliu only is formed. Dry ozone is 
reported to be less reactive towards metals than 
is moist. A foiTochrome alloy containing 25% 
chromium is resistant to ozone. Mercury is 
attacked by ozone with the formation of 
mercurous oxide, which is soluble in the surface 
of the mercury, causing the metal to lose its 
meniscus and to adhere to glass. The mercury 
is restored on treatment with water (Hodgson, 
J.C.S. 1924,125, 462). 

Carbon in the form of charcoal absorbs 65% 
of ozone (by weight) at temperatures from —30'^ 
to 4 ' 20 °c., with the formation of an acidic sub¬ 
stance. Above 20 '’c. carbon dioxide and mon¬ 
oxide are the only products (Bruns, Kozlova, 
and Maksimova, J. Phys. Chem. U.S.S.R. 1935, 
6 , 977). Sulphur, phosphorus, and arsenic arc 
converted by moist ozone into sulphuric, phos¬ 
phoric, and arsenic acids, respectively. Anti¬ 
mony is not readily attacked at room tem¬ 
perature. 

Eluorine does not react with ozone, whereas 
the other halogens react readily, chlorine giving 
chlorine trioxido, CIO3, and chlorine heptoxide, 
ClgO^ (Byrns and Rollefson, J. Amer. Chem. 
Soc. 1934, 56, 2245); bromine at lower tempera¬ 
tures gives the oxide BPgO^, and iodine gives 
a mixture of IgOg and > 409 . Combined 
hydrogen is frequently oxidised to water, as for 
example in palladium hydride and in hydrogen 
sulphide. Except in the case of hydrogen 
fluoride, ozone reacts readily with the hydrogen 
halides with the formation of water and the 
free element. Ammonia and phosphine react 
with ozone to give water and an acidic sub¬ 
stance. The- reaction between ammonia and 
ozone at —74° is accompanied by the formation 
of an orange-red coloration which rapidly fades 
as the temperature increases and disappears at 
•— 6 ()°c., the final reaction products being am¬ 
monium nitrate and nitrite. 

Carbon monoxide is slowly oxidised by ozone 
at ordinary temperatures, the reaction being 
catalysed by light and moisture. Moist sulphur 
and nitrogen dioxides are rapidly oxidised to the 
corresponding acids. The reaction with sulphur 
dioxide below 40°c. is of interest since all the 
oxygen available in the ozone is utilised 
( 3 SO 2 +O 33 SO 3 ). However, in the case 
of nitrogen dioxide at 25°c. the reaction gives 
N 0 O 5 and Og. 

Briner and Lachmann (Helv. Chim. Acta, 
1943, 26, 346) have studied the oxidation of sul¬ 
phur dioxide by ozonised oxygen on silica gel 
catalysts at 200 °c., and have shown that the 
ozone acts as a catalyst, greatly increasing the 
yields of sulphur trioxide. Lowry and Lemon 
(Nature, 1935, 136, 433) report that when a 
mixture of nitrogen pentoxido and ozone is 
passed along a hot tube, a reaction appears to 
occur and a blue zone is formed. They attribute 
this to the formation of a higher oxide, NO 3 . 

The reaction between ozone and potassium 
iodide was one of the first used for its identifi¬ 
cation and estimation. The first stage in the 
oxidation results in the formation of free iodine 
and oxygen, but further oxidation leads to the 
formation of iodate and periodate. Quantita¬ 
tively the action of ozone on acidified potassium 


iodide solution gives very variable results, the 
oxidation being a combination of two mechan¬ 
isms, 2 H 1 4 O3 >■ lo l H3O f O2. and 

HI + O3 > HIO3. 

The reaction is best carried out in a buflered 
soluiJon. Potassium bromide with ozone yields 
free bromine, the oxidation to bromato being 
considerably slower than that of iodide to iodate. 
Cromer and Duncan (J.C.S. 1933, 181) have 
shown that ozone reacts with solid KI BCg with 
the formation of potassium iodate and free 
bromine. 

Nitrites are oxidised to nitrates with the 
liberation of oxygen, whilst metallic sulphides 
with ozone give the corresponding sulphates. 
Alkali thiosulphates yield chiefly Hul])hate and 
dithionate, although some sulphur is deposited. 
Solutions of lead and manganese salts give the 
corresponding dioxide, ferroeyankles are eou- 
vertod to ferri(!yanide 8 , and solutions of salts 
in the lower valency state (e.y., Fe^^, Sn^^) give 
precipitates of the corresponding hydroxide in 
the higher valency state. 

The oxides and hydroxides of metals are 
generally converted to the highest valency state 
by the action of ozone; thus hydrated ferric 
oxide in the presence of alkali gives rise to fer¬ 
rates. Ozone will oxidise platinum held in a 
co-ordination complex from the divalent to the 
(piadrivalent state if the solution is acid. Witli 
an alkaline solution the pnaluets are very 
complex (Chugaev and Klopin, Z. anorg. CKom. 
1926, 151, 253). 

The action of ozone on sodium azido was in¬ 
vestigated • y Gleu and Roell (ibid. 1929, 179, 
233). It is supposed that pernitrous aeid, 
HOO NO, is formed. Noyes, Hoard, and 
Pitzer (J. Arner. Chem. Soc. 1935, 57, 1221) have 
claimed that ozone at 0 ° and 24°(\ slowly oxidises 
silver nitrate (argentous) in dilute nitric acid 
solution to a black soluble argentic nitrate. 

eVushed potassium hydroxide absorbs ozone 
with the formation of a brown substance of un¬ 
certain composition, but related to the oxide 
K 2 O 4 , which was regarded on the older views as 
a salt of the hypothetical ozonic acid, H 2 O 4 . 
The reaction of ozone with hydrogen peroxide 
results in the mutual reduction of the reactants 
to give water and oxygen. 

Ozone can add on to organic compounds con¬ 
taining unsaturatod linkages (e.j/., benzene) to 
form ozonidcs (q.v.). Other reactions with 
organic molecules are those of oxidation. Thus 
formaldehyde may be formed by passage of a 
mixture of methane and ozone through heated 
tubes (Wheeler and Blair, J.S.C.I. 1922, 41, 
331). Briner and Carceller (Helv. Chim. Acta, 
1935, 18, 973) have shown that ozone acts as a 
catalyst in the reaction between hydrocarbons, 
such as butane and propane, with oxygen at 
temperatures above 180°o. 

The oxidation of organic compounds has 
found application in organic synthesis. Thus, 
for example, reactions such as the oxidation of 
borneol to camphor (Briner, Egger, and PailJard, 
ibid. 1924, 7,1018) and of thioethers to sulphones 
(Bohme and Fischer, Ber. 1942, 75 [B], 1310) 
occur readily and in very good yield by ny e of 
ozonised oxygen. 
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Chemiluminescence has been observed during 
(he reaction between ozone and certain dyestuffs 
Hiich as alizarin, eosin, Methylene .Blue, Hose 
Bengal, etc. (Biswas and Dhar, Z. anorg. Chem. 
1930, 186, 154). Ozone attacks rubber and 
many greases rapidly. 

Uses. —Ozone, on account of its strong 
oxidising properties, has found extensive use as 
a bactericidal agent, oxygen being among the 
resultant products. Its use in the sterilisation 
of water is free from the disadvantages which 
are associated with agents such as chlorine. 
The utilisation of ozone for the sterilisation of 
air in confined spaces has been made use of in 
the London underground railway system. For 
the sterilisation to be successful and non- 
irritant tlie air must bo moist. Care has to be 
taken in its use in view of the toxic nature of 
higher concentrations. Elford and Endo (J. 
Hygiene, 1942, 42, 240), investigating the use 
of ozone as an aerial disinfectant, have shown 
that its effectiveness is dependent on the relative 
hunudity. In concentrations which can be 
breathed safely for long periods ozone is not an 
effective germicide. 

As a neutral, harmless bleaching agent it has 
found use in the food and fine fabric, industries 
for the bleaching of oils, fats, and w'axcs, and 
of ivory, flour, and starch. 

Mixtures of liquid oxygen and ozone and 
hydrocarbons on absorbent materials have been 
suggested as explosives. The drying of paints! 
is hastened by treatment with ozonised oxygen. 

Detection and Determination. —One part 
of ozone in five hundred thousand parts of air is 
detectable by odour. Ozone may be det(‘cted 
easily by its action on manganese chloride paper, 
which turns brown owing to the formation of 
higher oxides of manganese. Eotassium iodide 
and starch papers turn blue, but the test is also | 
positive for (dilcrine. However, by the incor- j 
poration of phenolphthalein in the paper instead ^ 
of starch the chlorine may bo readily dif- 
fi'rentiated, since ozone reacts with the for¬ 
mation of potassium hydroxide. Ozone does not 
affect solutions of potassium permanganate, and 
may thus be differentiated from nitrogen dioxide 
and hydrogen peroxide. Test papers soaked in 
solutions of the following reagents give specific 
reactions (Arnold and Mentzel, Ber. 1902, 35, 
1327, 2902; Reiser and McMaster, J. Amcr. 
Chem, Soc. 1908, 39, 96): 

O3 NO2 H2O2 

Tetramethybj>p''-diamino- 

diphonylmethane . Violet Straw None 

Benzidine.Brown Blue None 

The determination of ozone is most easily 
carried out by shaking with a neutral solution of 
potassium iodide and subsequent titration of 
the liberated iodine with sodium thiosulphate: 
03 + 2 KI+H 20 - 0 ^+ 2 K 0 H-bl 5 j, 1 ml. of 
OT N. potassium iodide is equivalent to 24 mg. 
of ozone. Juliard and Silberschatz (Bull. Soc. 
chim. Belg. 1928, 87, 205) recommend keeping 
the solution at pH 7 by use of a borax or phos¬ 
phate buffer. 

Usher and'Rao (J.C.S. 1917, 111, 799) recora- 
mend the us© of the reaction between ozone and 
nitrites in neutral or acid solution for the deter¬ 


mination of ozone in the air, the change in nitrite 
concentration being determined by a colorimetric 
method. 

Tctramethyl - pp' - diaminodiphenylmethane 
may bo used for the direct colorimetric esti¬ 
mation of ozone, and the use of test papers 
soaked in this reagent provides a convenient 
method of detection. 

Brinor and Perrottet (Helv. Chirn. Acta, 1937, 
20, 293) have determined ozone in concentrations 
of 10“® to by passing the gas into a solution 
of benzaldehydo in carbon tetrachloride and 
tistimating the benzoic acid formed. 

Hchlczinger (Acta Physiochim. U.H.R.S. 1935, 
3, 435) passed the gas through an alcoholic 
solution of dihydroacridine. The fluorescence 
of the acridine formed by oxidation is measured 
photometrically. A similar method employing 
the leiieo-baso of fluorescein has been dcvelojied 
by Egorov (Analyst, 1929, 54, 189). 

Edgar and Pancth (J.C.8. 1941, 511) have 
cxamined»eritically the methods available for the 
determination of ozone in the atmosphere and 
have used both a spectrographic method and a 
method based on the tetramethyl-pj>'-diamino- 
diplienylmethane reaction for the determination 
of ozone in the atmosphere. Nitrogen dioxide 
was removed before this estimation. 

Ozone may also be determined by means of 
sodium arsenitc: 

2Na2HAs02+203 -> 2Na2HAs04+02 

and also by means of alkali bisulphite solution. 
By passage of the gases through potassium per¬ 
manganate or chromic acid solution, hydrogen 
peroxide is removed and the ozone passes on 
unreaeted. This is generally a necessary pre¬ 
cursor of any determination. 

D. S. P. 

OZONIDES. (i) Inorganic Ozonides.— 

The so-called inorganic; “ ozonides ” or “ ozo- 
nates ” arc obtained as unstable yellow, orange, 
or rod substances by the action of ozone on the 
hydroxides of the alkali metals. Those sub¬ 
stances, to which, e.j/., the structure (K 0 H )202 
is ascribed, decompose on keeping with the 
formation of caustic alkali, oxygen, and alkali 
tetroxides; acidific'ation gives hydrogen per¬ 
oxide and oxygon (Traube, Ber. 1912, &, 2201 ; 
1910, 49, 1070; see also Streeke and Thiene- 
mann, ibid. 1920, 53 f B], 2096). 

(ii) Organic Ozonides. —The rate of addi¬ 
tion of ozone to an olefin is decreased when the 
double bond is conjugated with carbonyl groups 
or when three or more phenyl groups, or two 
chlorine atoms, are attached to the doubly- 
bound carbon atoms; conjugated bonds add 1 
mol. of ozone rapidly and further ozone only 
slowly; butadiene gives a very unstable di- 
ozonide without evidence of 1:4 addition. Trans- 
isomers in general add ozone more rapidly 
than the ct^-forms. Ozonolysis in the vapour 
state may give a higher ozonido than is found in 
solution, dipeiitene diozonide (Noller et aL, 
J. Amer. Chem. Soc. 1936, 58, 24; and Spencer 
et al., J. Org. Chem. 1940, 5, 610). Excessive 
ozonolysis must always be avoided and when 
complete absorption of ozone does not occur the 
control of reaction is difficult; the use of 
bromine as an indication of the presence of un- 
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(3zonised double bonds is not wholly satis¬ 
factory since substitutive reaction readily 
occurs. In the ozonolysis of rubber, sub¬ 
stitution by bromine increases as ozonolysis 
proceeds, giving a substantially constant total 
bromine uptake. On completion of the ozono¬ 
lysis a por-compoimd is formed which inhibits 
bromine substitution so that the bromine uptake 
suddenly falls to zero (Pummerer, Rubber Chem. 
Tech. 1937, 10, 114). Control of ozone con- 
('cntration {e.g., by passage through arpieous 
sodium hydroxide) is highly desirable, a high 
concentration being required for aromatic and 
(conjugated compounds, but a low concentration 
(1~5%) is essential for certain readily oxidisable 
aldehydes. Protection of a sensitive aldehyde 
lias also been obtained by ozonising in formic 
acid (Borland and Hibbert, Canad. J. Res. 1940, 
18 [B], 30). 

Low temperature and dilute solutions are 
generally preh'rable for efficient ozonolysis; 
various solvents are suitable, c.f/., methanol, 
ehh^roform, acetic aedd, hexane or cAum water 
(Briner, Helv. (3iim. Acta, 1937, 20, 1211 ; 
1930, 21, 1297); dry ethyl acetate is particularly 
suitable if the ozonidc is to be submitted to 
catalytic hydrogenation. 

Decompo-ntion of Ozonidcs .—For gentle decom- 
po.sition Strauss (Annalcn, 1912, 393, 23.7) recom¬ 
mends in the first place drawing a stn'am of 
moist air through the solution of the ozonide, 
water being added later. Hydrolytic methods 
of decomposition have to some extent been 
replaced by reductive methods, especially where 
aldehydes and kotemes rather than acids are 
required as final pn^ducts; such methods must 
be applied immediately after ozonolysis. Among 
effective reducing agents are zinc dust with 
acetic acid or with silver nitrate and hydro- 
qninonc, aluminium amalgam, potassium ferro- 
cyanide, sulphur dioxide, and sodium bisulphite 
(Whitmore, J. Amor, Chem, Soc. 1932, 54, 3710; 
1934, 56, 170). Catalytic hydrogenation (Fischer, 
Annalen, 1928, 464, 82 ; Ber. 1932, 65 [B], 1408) 
has also found widespread use and with suitable 
precautions high yields of aldehydes and 
ketones have been obtained; acid rearrange¬ 
ment 


RCH CHR -> RCOOH+R'CHO 

which is the major cause of low yields may be 
avoided by preventing temperature rise during 
hydrogenation. Raney nickel (excess) has also 
been used without additional hydrogen being 
required (Cook and Whitmore, J. Amor. Chem. 
Soc. 1941, 63, 3540). 

Oxidative decomposition (alkaline perman¬ 
ganate or alkaline hydrogen peroxide) favours 
formation of acids. 

Structure of Ozonides .—Glycol formation on 
reduction of ozonides, wLich would be expected 
from Harries’ formula 


has not been observed; instead, ketoiiic pro¬ 
ducts are obtained. According to Staudinger 
(Ber. 1925, 58 [B], 1088), the first stage in the 
formation of an ozonide is a simple attachment 
of ozone to the double bond to give a molozonide, 


/ \ 

0=0 = 0 


X— 

I l\ 

0 — 0-0 


which may subsequently behave in a variety of 
ways : 

1. It may undergo iritcrmolceular rearrange¬ 
ment to a stable /<.9o-ozonide, rcHembliiig an 
acetal, which structure is now assigned to all of 
the normal ozonides, e.g., 


0—0 0 


"O 


2. The molozonide may polymerise, and this 
tenderuy is favoured by solvamts which induce 
association and by the oeeurnmeo of the bond 
in a ring strindure so that isomerisation is 
hampered. 

3. Thermal dei'ompositi(jn of a molozonide 
may give a ketone and a kcd-oiic peroxide (U’ an 
acid, 

R.X -CR. RoC rCR., 1 


0-0 O 


; CRo or 


> R COOH 


It i.s doubtful whether inolozonidcs, wliich 
would bo reducible to glycols, ever have a 
.separate existence (Pummerer, Rubber Chem. 
Tech. 1938, 11 , 7; see also Rioehc, Meister, 
kSauthoff, and Pfeiffer, Annalen, 1942, 553, 187), 
and it is now considered more probable tljat the 
first product of attack of oz(3no is the diradical 
(A) which immediately transforms via the 
diradical {C) either to an tso-ozonide or to a 
polymeric ozonide, 
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the formation of new— O—C~ and — O-O—C— 
linkages being aeeompanied by weakening and 
ultimately by breaking of the — C—C — bond 
(Farmer, Trans. Inst. Rubber Ind. 1945, 21, 

The ozonifloH are analogous to dialkyl- and 
dihydroxy-dialkyl peroxides, 

H H H H 

II II 

R C O-O C R R-C-O-O C R 
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malonic ester has established the presenee of the 
ethereal oxygen lirikage. 

By dehydration of dihydroxy-dimethyl per¬ 
oxide Riechc and Moister (Ber. 1932, fll], 
1274) have obtained an oil identical with iso- 
butylene ozonide, 

I ^ 

CH 3 —C—00~C—CH> 

I I 

OH OH 


OH OH 


H H 


Dihydroxy dialky] 
peroxide. 


])ialky] peroxide. 


R-C C-R 

Ozonide. 


and the molecular refraction, paraehors, and 
ultra-violet absorption of ozonides and per¬ 
oxides indicate the presence of a similar group 
in both types of compound. Raman spectra, 
dielectric constants, and absorption spectra of 
ozonides have also been studied by Briner 
(Ilelv. (him. Acta, 1936 et seq.), and by Bcre- 
Howskaja and Kurnossowa (d. Plivs. (hem. 
Russ. 1935, 6, 125) whoso work suggests the 
possibility of a co-ordinately bound oxj'gen 
aiotu whi(‘h (hdermines the pcroxidic, f)roperties. 
Treatment of ally]benzene ozonide with sodium 


H 

I 

CH,—C 




H 

:c—CH, 


Riechc, Meister, Sauthoff, and Pfeiffer (lx.) have 
also shown that the bimolecular peroxide formed 
in the fission of oleic acid ozonide with iron or 
acetic acid is identical with the peroxide 

H H 

I I 

CH,(CH2VCOOC[CHs,VCH3 
OH OH 


whence the first stage in the fission is formulated 
as a hydrolysis of the ether linkage of the ozonide. 

Hydrolytic Dexoinposition of Ozonides .—The 
following mode of hydrolytic decomposition is 
suggested by Rieche; 
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Intermediate dihydroxy-dialkyl peroxide. 
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but since dimeric diaryl ketone peroxides have 
been obtained by the ozonolysis of arylated 
olefins without the introduction of water at any 
stage of the reaction Marvel and Nichols (J. Org. 
Chem. 1941, 6, 296) have suggested that ozonidos 
may^ cleave spontaneously to give the usually- 
found products of ozonolysis. 

Ozonolysis of Triple iionds.—-Ozonolysis of 
acetylenes yields ozonides in which the carbon 
to carbon linkages still remain : 

RC CR 

I I and R-C-C-R 

0 - 0=0 

are probable structures (Hurd and Christ, ibid. 
1936, 1, 141). Hydrolytic decomposition 3 ’ields 
l:2-diketones (Jacobs, J. Amer. Chom. 8oc. 
1936, 58, 2272); acids are formed subsecpiently: 

/ O 0\ 

RC-CR + HgO > 

o o 

11 II + H 0 O 2 - 2RCOOH 
RC—C R 


Monomeric Ozonides. 

The large number of normal ozonides now 
known cover every class of organic compound; 
they are well catalogued in a publication by 
1). Harries, “ Untcrsuchungen uber das 
Ozon,” Berlin, 1916. Among some interesting 
ozonides described more recently arc the 
following: 

Unstable ozonides of maleic andfumaric acids 
are formed at low temperature although the 
corresponding esters form ozonides normally '; 
an explosive ozonide of maleic anhydride has 
been isolated (Briner, Helv. Chim. Acta, 1937, 
20, 1211; 1938, 21, 1297). In the ozonoly.sis of 
triolein ozone adds primarily at the double bonds 
but further ozonolysis converts the ester group 
to a perester (Nasini and Mattei, Gazzetta, 1941, 
71, 302, 422). Ozonides of hydroaromatic and 
higher aliphatic olefins are characterised by a 
high degree of stability, but aromatic ozonides 
are generally highly explosive; the decom¬ 
position j)roducts of aromatic ozonides indicate 
contributions to the aromatic structure by both 
Kekul6 forms. 

cycloPentene Ozonide^ CgHgOg, is obtained by 
ozonisation in hexane cooled in a freezing mix¬ 
ture, when the insoluble ozonide is precipitated. 
Distillation gives a viscous yellow liquid, b.p. 
GO-62°/10 mm. Water yields glutaric acid and 
aldehyde and the half-aldehyde of glutaric acid. 

Ozonides of ter penes ^ e.g., limonene ozonide^ 
obtained as a white solid by ozonising limonene 
in carbon tetrachloride, is freed from acconmany- 
ing oxozonide by solution in acetic acid. Treat¬ 
ment with water first decomposes the aliphatic 
ozonide grouping, and the ketonic ozonide so 
produced may be separated by ether extraction. 
Prolonged treatment with water decomposes the 
second ozonide grouping: 
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a-Fenchene Ozonide gives on hydrolysis an 
acid 


CH. CH—CHo 

I I I 

CMeg 


CH2-CH—CH COOH 

which represents the only known case of non¬ 
fission of a double bond by ozonolysis. 


Dimeric Ozonides. 

These cannot be distinguished by analysis nor 
by mode of decomposition from normal ozonides, 
but molecular weight determination show s them 
to be bimolecular. 

Di - sym. - butylene Ozonide. — Bimolecular 
material (C 4 Hy 03)2 constitutes the larger part 
of crude syw.-butylene ozonide, obtained by 
ozonising ^ym.-butylene in methyl chloride 
(Harries and Evers, Annalon, 1912, 890, 238). 
The dimer is extremely viscous, is readily soluble 
in alcohol, moderately soluble in benzene, and 
sparingly soluble in light petroleum. It is 
surprisingly stable, and can bo heated in solution 
without decomposition; strong heating causes 
explosion at 125°. Warm 4% alkali hydrolyses 
it to acetic arid. ♦ 

The structure 


H H 

\ /O. / 

CH,—\C—CH. 

i i 

6 6 

CHj—/i—CH, 
H H 

is assigned to it (Rieche). 
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Polymeric Ozonidea, 

Normal ozonidow are frequently accompanied 
by viscous oils, the amount of which in in¬ 
creased by prolonging ozonolysis. The polymeric 
ozonides are high-boiling, very viscous oils with 
a weak but jxmetrating odour, and are more 
stable than normal ozonides. Rieche has sug¬ 
gested an open-chain structure for the polymers 

R R R R 

II II 

—o o—c—o—c—oo—c—o~c— 

II II 

R R R R 

Polymeric cyclohoxcne ozonide is obtained as 
a white solid when 0 % ozone is led into a 5% 
solution of cyclohexeiie in hexane. It melts at 
bO-f).")'", exploding at 140-150"'. Two polymeric 


cyc/opentene ozonides arc known, one explosive 
and one not explosive; styrene ozonide is also 
polymeric. 

Oxozonides. 

A pure ozonide ROg is not converted to an 
oxozonide RO 4 on treatment with unwashed 
ozone, so that j)ure oxozonides can only be 
obtained when their rate of formation is mu(;h 
greater than that of the ozonide. Di-nym,- 
butylene oxozonide. is obtained from di-iS?ym.- 
butylene with unwashed ozone. Treatment for 
a short time with w^ater yields di- 5 yw.-butylene 
ozonide. 

JAterafure. —C. T). Harries, “ TJntcrsucliungen uber 
das Ozon, 1003-1010,” Jierlin, 1010; A. Kieche and 
F. TTitz, " Alkylperoxide mid Ozonide,” Steinkopff, 
Dresden, 1031; A. llieehe, ‘‘Alkylperoxide. uml 
Ozonide” (a revi('w), Angew. (4iein. 1032, 45, 441; 
L. Long, Chein. lieviewH, 1040, 27, 437. 

G. F. B. 
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P- VIT A M IN . The vita min nature of 
dietary factors alTccting capillary I’osistance or 
capillary permeability in man ixunains douldful; 
however, numerous observal ions, mainly in 
animals, and some clinical ixqiorts warrant, even 
at this stage, a brief survey of the field. 

History. 

In 193(i Szont-Gyeirgyi d al. (Dent. mod. 
Woch. 1936, 62, 1325; Nature, RKIO; 138, 27, 
798, 1057) reported that extracts from ])aprika 
and lemon juice contained a substance or sub¬ 
stances other than ascorbic acid (\'itamin-C') 
which exerted a beneficial efi'ect on haimorrhagic 
disorders, due to increased capillary permeability, 
and decreased the number of haunorrhages in 
scorbutic guinea-pigs, prolonging the survival 
time of the animals. They called tlic active 
principle “ Vitamin-P ” (P for permeability) 
and the extracted substances from lemons 
“ citrin.” They established that “ eitiin ” con¬ 
sisted chiefly of an isomorphic mixture of two 
flavanono glycosides, hesperidin and eriodictin, 
related to the group of yellow plant pigments. 

Other observers (Zilva, Bioehern. J. 1937, 31, 
915, 1488; Moll, Klin. Woeh. 1937, 16, 1653; 
and others) and later Szcnt-Gyorgyi himself 
(Z. physiol. Chom. 1938, 255, 126) were unable 
to confirm the earlier findings in animal experi¬ 
ments. However, these negative results were 
again reversed, first by Zacho (Acta path, 
microbiol. Scand. 1939, 16, 144) and then by 
Rusznyak and Benko (Science, 1941, 94, 26; 
Klin. Woch. 1941, 20, 1265), who included also 
rats in their tests, Bacharach et al. (Analyst, 
1942, 67, 313; Biochem. J. 1942, 86 , 407) and 
by Bourne (Nature, 1943, 152, 659). 

Animal Experiments, 

All these authors agree that guinea-pigs, on a 
scorbutogenic diet augmented with ascorbic 
acid, develop an increased capillary fragility. 
This becomes apparent only when negative 
pressure (expressed in millimetres of mercury) or 


suction is applied by means of a glass cup to the 
skin of the aiii?nals, and petochiaB or luematoma 
are produced by less suction or lower negative 
prx^ssiire than that re(}uired to cause lucmor- 
rhages in the normally fed animal. Whereas 
some investigators such as Bourne {l.c.), and 
Kiisznyak and Bonko (/.c.), administered test 
Hubstances to animals with a maximum de¬ 
ficiency (or a minimum of capillary resistance) 
and observed activity by a return to normal, 
others such as J^acharach el al. (l.c.) treated the 
guinea-pigs during the period of (leficient diet 
w'ith various doses of the material being tested 
and eompare<l the capillary resistance of those 
animals with a control group. Thus “ citrin,” 
hesperidin. and even the corresponding agly- 
cones, such as liesperctin or eriodyctiol, were 
found active. Majorvki et al. (.1, Rharm. Exp. 
Thor. 1944. 80, 1) reported that mice exposed to 
sudden low-])iessure suffered from luemorrhage 
in the lungs ; if given extracts from citrus fruits 
they were to a i-ertain extent protected against 
these injuries ; these results were not confirmed 
by others (Kibrick and Goldfarb, ibid. 1944, 82, 
211). But such discrepancies of observation in 
this field are not rare, as even with the guinea-pig 
the same experimenter may suddenly encounter 
failure of methods which before gave regular 
results. Though Bacharach and Coates tenta¬ 
tively proposed a provisional unit (P-U.) 
(J.S.C.I. 1943, 62, 85) and expressed the contents 
of fruits and vegetables in such ” Vitamin-P ” 
units, there exist serious doubts whether any 
of the methods at present available, even if 
qualitatively valid, are reliable from a quantita¬ 
tive point of view. 

Chemistry. 

The “ citrin ” of the Hungarian workers con¬ 
sists mainly of two flavanone glycosides, hesperi¬ 
din (“hesperitin rutinosidc ; I, R~rutinose=s=?- 
rhamnosido-rf-glucoside, R'-^-CHg) and eriodie- 
tin (- eriodictyol /-rhamnoside ; I, R=^rham- 
noee, R'==H), cf. Mager (Z. physiol. Chem. 
1942, 274, 109). 
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Wawra and Webb (Science, 1942, 96, 302) 
isolated a “ hesperidin ” from lemon peel and 
showed it to be a protein comjdex of the isomeric 
hesperidin chalkone (IT, R— sugar, R'—CH^). 
Later Higby (J. Amer. Pharm. Assoc. 1943, 32, 
74) demonstrated that pure hesperidin and 
related compounds had little effect on capillary 
resistance in contrast to hesperidin chalkone, 
either isolated from oranges or of a synthetic 
origin. When methylated, this chalkone was 
stabilised and retained its activity. These 
chalkones possess a deeper coloration and a 
greater solubility in water. An ethereal extract 
of spray-dried blackcurrant juice, prepared by 
Pollard (Nature, 1942, 150, 490; Ann. Rep. 
Agric. and Hort. Res. Sta. Long Ashton, 1943, 
141), had according to Bacharach et al. (l.c.) 
greater activity than hesperidin derivatives; its 
chemical nature has not been established. 
Bourne (private communication) found that 
chalkones of type III, lacking hydroxyl groups 
in the 2' and 6' positions still possessed activity 
in the guinea-pig. Lavollay et al. (Compt. rend. 
1942, 216, 496; Compt. rend. 8oc. Biol. 1944, 
138, 179) added catechin and d-epicatechin (IV) 
to the series of capillary active substances, claim¬ 
ing the latter to be the most active compound for 
increasing capillary resistance in guinea-pigs. 

Experimental Work on Man. 

Reports on treatment of increased capillary 
fragility in man, in many cases detected by appli¬ 
cation of negative or positive pressure on the 
skin, with flavanone derivatives and other ** P ” 
active substances are numerous but not con¬ 
clusive. Among others, Scarborough (Edinb, 


Med. J. 1944,51, 381, etc.) claimed that “ citrin ” 
and hesperidin increased low capillary resistance, 
whereas other authors failed to achieve the same 
success. A survey on the latest clinical obser¬ 
vations can be found in F. Bicknoll and F. 
Prescott, “ The Vitamins in Medicine,” lleino- 
mann, London, 1916, p. 863 ff. 

Other surveys on the general subject of 
“ Vitamin-/^ ” are : Lindheimer, Hinman, and 
Ralliday (J. Amer. Diet. Assoc. 1942, 18, 503); 
H. R. Rosenberg, “ Chemistry and Physiology of 
Vitamins,” Interscionce Publ. Inc., New York, 
1942, 2 >. 513 ff; Javillier and Juavollay, Helv. 
Fhim. Acta, 1946, 29, 1283; Bareli, Jubilee 
Volume, Basle, 1946, j). 216; Parrot and 
Cotereau, Arch. int. Physiol. 1946, 54, 197; 
Cotercau et al.. Nature, 1946, 158, 343 ; Griffiths 
et al., Proc. 8oc. Exp. Biol. Med. 1944, 55, 228; 
Madison and Pohle, J. Lab. clin. Med. 1947, 32, 
340. 

F. B. 

PAINT OILS {v. Vol. IV, 81c). 

PAINTS. Although the time is long past 
when ])aii\t could bo regarded simply as a mix¬ 
ture of dry ])o\vders ground in linseed oil, yet 
“ paint,” the term being regarded in the broadest 
v^ense, may still be defined as ” a suspension of 
hnely ground solids in a medium consisting of 
non-volatile and volatile ingredients.” The 
dry powders arc generally known as pigments 
and ejitenders. The former retain their colour 
uheii dispersed in the 2 >aint film, whereas ex¬ 
tenders usually contribute only to the general 
im)perties of the product and are transparent 
or translucent in the medium. The medium 
consists either of drying oils, with or without the 
addition of natural or synthetic resins in solution 
in suitable solvents, or may be composed wholly 
of a solution of synthetic resin. If drying oils 
are present and the 2 )aint is required to dry at 
room temperature there will usually bo an 
addition of driers, i.e., metallic naphthenates, 
linolcates, or resinates which catalyse the 
oxidation. 

Having defined the fundamental constituents, 
each group will bo considered in greater detail 
before a general description is given of the very 
large variety of materials which may now come 
within the scope of the paint manufacturer. 

Pigments.—It is the pigment which confers 
on a paint its colour and opacity. A full 
description of the manufacture and properties 
of pigments is given in the article under the 
appropriate heading. It may not be out of 
place, however, to mention that in selecting a 
pigment for any particular product it is not 
enough merely to consider the colour, oven 
though that is regarded as of primary import¬ 
ance. The retention of initial colour is of equal 
significance, and particular care needs to be 
taken when choosing pigments for paints that 
have to resist specially adverse conditions, e.g.^ 
of excessive humidity or chemically polluted 
atmospheres. The range of available pigments 
is extremely wide and it' must bo the paint 
formulator’s aim to keep abreast of develop¬ 
ments in the allied industries. All pigments 
impart colour to the medium in which they are 
suspended. There are, however, very wide 
differences in the capacity or “ covering power ” 
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which is conferred even by different members 
of the same class ; for example, it is well known 
that titanium dioxide has greater hiding power 
than zinc oxide or antimony oxide. Some dye¬ 
stuff yellows and reds, and particularly maroons, 
are notoriously transparent. In all cases the 
manufacturer has to compromise on opacity, 
for both economic and practical considerations 
limit the amount of pigments that may be added 
to any medium. The economics merely concern 
the price a customer is willing to pay to secure 
the proi)crtic^H he requires, but the practical 
aspect depends usually on the “ oil absorption ” 
of the pigment in question. This is a property 
of the pigment capable of experimental determi¬ 
nation. it defines the minimum amount of raw 
linseed oil necessary to produce a homogenous 
paste and hence is related to the amount of 
non-volatilo medium needed to produce a finish 
of the recpiired gloss. It is obvious that there 
must be an upper limit to the amount of pig¬ 
ment which can be incorporated if a high-gloss 
product is to result. 

Extenders do not usually confer colour on 
the medium in which they arc dispersed and 
rarely have any effect per 6'e on the opacity, 
although they may improve this latter property 
by promoting increase of the film thickness on 
application. Among the more commonly used 
are barium sulphate (barytes and blanc fixe), 
calcium carbonate (l^iris white), powdered 
asbestos, ground silica of various grades, china 
clay, and varioTis diatomaceous earths. Calcium 
sulphate (terra alba), barium carbonate (wdther- 
ite), and powdered slate also find special appli¬ 
cations. 

Extenders are included in paint compositions 
for a variety of reasons. In the cheap typo of 
nil paint they may be added merely to increase 
the body ” of the j)uint and to permit the use 
of a low'cr amount of pure pigment. They are 
used infrequently in high-grade gloss finishes 
and then only when a small quantity of high- 
opacity pigments is the principal ingredient. 
In such paints as primers, fillers, and undercoats, 
however, they fulfil an important function in 
controlling the degree of gloss obtained and im¬ 
parting tlie desired properties such as ease of 
brusliing or of rubbing down (Hatting). The 
uses to which extenders are put are generally 
related to the oil absorption. Those having 
the higher oil-requirement are often used to pre¬ 
vent excessive settling of the pigment portion of 
the paint. It is not absolutely true to say that 
extenders are alw'ays transparent or translucent 
in a medium. They may bo so in one binder 
but bo opaque in another. This is particularly 
the case with the w’^ateri)aints {q.v.) where Paris 
white is quite commonly used as a white pig¬ 
ment. The opacity of any pigment or extender 
is related to its own refractive index and to that 
of the medium in which it is dispersed. The 
greater the difference, the more opaque will the 
pigment appear. 

Medium. —It is in the medium (otherwise 
known as the vehicle), which was once so simple, 
that the greatest progress has been made in 
modern technology. The extent and diversity 
of types are now very great. Two broad sub¬ 
divisions at once appear, t.e. (a) paints which 


“ dry ” without application of heat (air drying 
materials), and {b) those product.^ which require 
the use of elevated temperatures either for 
ordinary drying or for the completion of a 
chemical change of the resin to secure full 
development of resistant properties. The dry¬ 
ing of some paints of the former class may bo 
accelerated by the application of heat but in 
general it is preferable to have s^k; daily formu¬ 
lated materials in each class. 

A further pair of broad groups may be dis¬ 
covered, by no means synonymous with the first 
two. It is the division into paints which dry 
by evaporation of solvent only (frequently termed 
“ lacquers,” although this name is also given to 
many jjroducts falling in the second class), and 
paints which dry by oxidation or other chemical 
change of the medium, e.g., the formation of 
linoxyn by oxidation of linseed oil or the poly- 
meri.sation of “ urea-formaldohydo ” resins on 
stoving. It is perhaps casi(;st to discuss the 
various types of media in terms of this second 
grouping. 

The components w^hich ai'c used as straight 
.solutions, and dry by eva[)oration only, include 
sliellac, Manilaco])al,and similar alcohol-soluble 
natural resins, salts and esters of rosin, nitro¬ 
cellulose in most of its applications, and very 
many of the modern resins such as those derived 
from chlorination of Tiatural rubber and poly¬ 
merisation of vinyl a{‘ctato and vinyl chloride, 
styrene, etc. In tlie other group, i.e.y those dry¬ 
ing by chemical cliange (wliother at room tem¬ 
perature or on stoving), are linseed oil and all 
the modifications pioduced from it by heat 
treatment (stand oils, lithographic varnishes, 
and blown oils, etc.); vaniislies prepared from 
Unsced oil and other drying oils such as chiua- 
w'ood oil, perilla oil, or (Ichydrated castor oil by 
heating with natural or synthetic resins; all 
alkyd resins, i.e.y re.sins prepared from poly- 
hydric alcohol and phlhali(‘. anhydride in the 
pr€‘.sence of drying oils ; phenol-formaldehyde, 
urea-formaldehyde, and mclamino-formalde- 
liyde rcstns, and so on. The oil-length of the 
varnish is expressed as the ratio of the oil to 
resin, e.g.y 2:1, or as a percentage of the whole 
resin complex. Varnishes wdtli less than 00% 
of oil are often termed “ sho-rt oil ” and those 
over 60% or 1^:1 are termed “ long oil.” The 
air-drying types within this group will usuaUy 
contain metallic driers in the form of naphthen- 
ates, linoloatcs, or rosinates of lead, manganese, 
or cobalt. Recent work has also added know^- 
ledgo on the use of iron, cerium, and zinc salts, 
but in spite of a considerable amount of work the 
complicated processes which occur durmg the 
oxidation of drying-oil films are still incompletely 
understood (c/. Morrell and Davis, Trans. 
Faraday Soc. 1930, 32, 209; ^lorrell and 
Phillips, Paint Technology, 1942, 7, 130, 169, 
187; see also Drying Oils, Vol. IV, 81c). The 
other members of the group complete the 
chemical changes associated with polymerisation 
either on application of heat or of specific 
catalysts. The details of many types are given 
in the articles on Plastics. 

As in the case of pigments, the selection of the 
medium most appropriate for any particular 
paint is not a matter to be undertaken lightly. 
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Duo regard must bo paid to the known perform¬ 
ance data of the various types and also to this 
suitability for use wdth the particular pigment 
composition which the formulator has in mind. 
Linseed-oil paints, for example, are very easy 
to apply, but give rather soft films with not very 
high gloss and somewhat limited durabilit^y. 
Most pigments in common use can be dispersed 
in linseed oil without risk. As the art progressed, 
it was fo\ind that the gloss of linseed oil paints 
could bo increased by heat treatment of the oil 
or by cooking in resin. Tliis also tended to 
harden the film, but at the same time increased 
the viscosity of the non-volatile medium so that 
additional thinner was required to enable the 
paint to be brushed. Moreover, if the added 
resin, or tlio products of heat treatment, were 
acid, basic pigments such as zinc oxidti had to be 
avoided. The alkyd resins have been found to 
possess excellent general durability and to be 
reasonably tolerant of most pigments. Air- 
drying, oil-modified phenol-formaldehyde resins 
have also found considerable application in the 
decorative and protective fields, although a 
tendency to yoUow on ageing is a marked dis¬ 
advantage. In the industrial field, nitrocellulose 
lacquers still command a very wddo range of 
uses, but the statutory regulations attending the 
use of these low-flash materials are aiding the 
introduction of stoving materials of the plasti¬ 
cised urea-formaldehyde type. Castor-oil alkyds 
are among the most wddely used plasticisers and 
give very satisfactory results at stoving schedules 
of J hour at 250 ^f. upwards. There is not 
space in this article to expand the formulating 
I)ractice with the various tyiies of media, and 
reference must be made to standard w'orks or to 
the manufacturer's publications. 

Thi nners.—Many of the resins mentioned 
above are solids or very viscous liquids and 
before these can be pigmented or used as paints 
they must be reduced in viscosity or brought into 
solution. For this purpose it is usual to omidoy 
organic liquids, either alcohols, esters, or hydro¬ 
carbons. Ketones are also used to a less extent. 
Thus, shellac is usually dissolved in methylated 
spirits ; linseed oil paints are thinned either with 
turpentine or “ white spirit ” (a petroleum frac¬ 
tion boiling from about IbO to lOCFc.) while 
some of the more highly polymerised resin 
varnishes, particularly alkyds, require a largo 
proportion of aromatic hydrocarbon in the 
thinner. Nitrocellulose and related ceUiilose 
esters require mixtures of esters or ketones w'ith 
alcohols and aromatic and aliphatic hydro¬ 
carbons, and the balancing of the various con¬ 
stituents of the solvent mixture has considerable 
influence on the final properties of the lacquer 
produced. 

Metiiods of Dispersion. 

For all paint purposes it is necessary that pig¬ 
ments should be in a finely divided state and 
this is usually arranged by the colour manu¬ 
facturer. However, it is still necessary when 
making the paint to disperse the pigment in the 
medium and to ensure that the particles of pig¬ 
ment arc thoroughly wetted. Ti'o ai^hieve this 
end, there is a number of types of miU in common 
use in the paint trade. In most of these the 


principle applied is that of shearing a viscous 
solution, although the actual viscosity of the 
mill “ base ” varies from typo to type. The 
simplest means of disporaing is the nibbing of 
the pigment into the medium on a ground glass 
or marble slab by means of a palette knife or 
“ muller.” The first graduation from this pro- 
I cess is the hand or powder driven “ cone ” mill 
in which the mixed ingredients of the paint are 
fed by gravity between one fixed and one rotating 
closely fitting surface, the low^cr one equipped 
with suitable means for removing the paint. 
“ Roller ” mills have been, and still are, very 
largely used for making all qualities of paint, 
although the exposure of materials on the open 
rolls makes them unsiiited for use wdth volatile 
solvents. The triple-roll machine (Fig. 1) will 
serve to illustrate the principle. The three rolls, 
made of eitlior steel or granite anti of the same 
diameter, arc rev'olvod, in the direction indi¬ 
cated in the diagram. i> is a flexible steel 
scraper to remove the finished product. The 
throe rolls are geared to revolve at different 
speeds, r being the fastest; in some models the 
middle roller’(n) has a lateral motion also. The 
rollers are capable of being adjusted for 
proximity. The materials are mixed into a 
coarse paste cither by a pug ” machine or by 
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hand, and this is fed to the machine between the 
rollers a and n. Tlic setting of these rollers will 
determine how^ much passes on to the undersido 
of B and is transferred to c, while the pressure 
botw'een b and c will determine the extent of 
the final grinding. One pass is normally suffi¬ 
cient for the usual ready-mixed paints wdiile twsj 
or three passes are needed for the finer cpialities 
of product. Tw^o-roll and single-roU-and-bar 
mills are adaptations of the same princijjlo and 
are used more particularly for refining of semi- 
dispersed products. 

The next important type is the ball mill,” 
which consists of a steel cylinder mounted hori¬ 
zontally on its axis equipped with a suitable door 
for loading and for drawing off the finished pro¬ 
duct. The mill may be fitted with a jacket 
through which cold water can be circulated for 
cooling purposes, and may also be lined with 
stoneware blocks, particularly if it is desired that 
the product shall not be contaminated with steel 
flakes. The mill is charged to half its volume 
(or more according to the ideas of the user) with 
steel or porcelain balls the diameter of which 
may range from } to in. The mill iS charged 
with the vehicle, pigment, and extra thinners, 
and run for the time necessary to secure proper 
dispersion; the paint is then decanted. The 
advantages of this mill are that the whole 
operation is conducted under sealed conditions 
and there is no loss of volatile solvents. 
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In preparing pastes, either in oil or of the dis- 
teniper type, tlio soK*allcd “ edgo-rmmer ” or 
“ pan ” mill (Kig. 2) is of groat value. The 
diagram shows the general method of operation. 
The disi)ersion is earried out by a heavy steel 
wheel revolving in a steel pan. The scrapers a, 
n, and c direct the paste from the wheel and the 



sides of the pan so that, it collects in the path 
of the wheel. (;!rinding is by shear between the 
w heel a nd the tloor of the pan. A s(Tew-operated 
door is provided for emptying the mill. 

Another useful mill, of the heavy-duty type, 
particularly for dealing with thi<*k jjastes, is the 
“ Weriu^r- Pfleider ” or similar typo. In section 
the mill is as showm in Kig. 3. The two blades. 




( b ). 

Fig. 3. 


which are shaped as at (6), normally revolve in 
the d^ection indicated, but at slightly different 
speeds. Thp resulting shearing of the stiff mass 
leads to excellent dispersions. 

Other mills, less commonly used, include the 
rod mills and mixers of the Banbuiy ” typo. 


Types of Paint and Their Uses. 

Having dealt with the ingredients and the 
ma{^hinery useil in the manufacture it may be 
opportune to consider the various classes of 
paints in u.s(i at the present time and the par- 
ti(tular circumstances of their application. In 
the first place it will be convenient to consider 
separately tw'u major classes of paint products : 
(i) those used for the decoration and protection 
of buildings, and (ii) those used in manufacturing 
j)rocesscs, either mass-produced or otherwise. 
Before proceeding with the first of these tw o 
groups, reference may be made to the admirable 
report on “The Painting of Buildings” (Post¬ 
war Building Studies, No. 5, H.M.S.O., 1945) 
and to the Codes of Practice at present under 
preparation by the British Standards Institution 
(Codes of Practice 2/4/1946, Decoration—Paint¬ 
ing and Subsidiary Codes) in which a great deal 
of valuable information regarding the application 
of paint products has been collected. 

The normal materials used in the painting of 
buildings include primers, undercoats, and 
finishes. Whore wood is to be painted the 
primer is adapted to seal the porosity and make 
a firm key for subsequent coats. A white-lead 
primer has traditional support and is usually 
composed of white lead with up to an equal 
weight of extender ground in linseed oil. Some 
mixing varnish, thinners, and driers are added 
as required, b^or interior use, or where lead 
paints are objectionable, alternatives pigmented 
with lithopone or titanium oxide are generally 
used, though lithopone is not usually regarded 
as satisfactory for exterior exposm’e. The pro¬ 
portion of medium (or vehicle) will be adjusted 
so that a paint having a fair sheen but not a 
glossy finish is produced. For interior work, it 
may be desired also to adjust the drying time 
by altering the proportion of oil and varnish. 

For Oregon and Columbian pine and similar 
woods of marked grain and consequent varying 
porosity it is usual to formulate a primer con¬ 
taining aluminium powder. This may bo either 
of the normal type of aluminium pow^der dis¬ 
persed in medium, or may consist of a mixture 
of such a material with a pigmented product. 
In the priming of metal, the first objective is the 
prevention of corrosion. By common usage, 
rod-lead primers have been employed for steel¬ 
work and it is certain that the majority of crafts¬ 
men still favour their use. However, recent 
improvements in the properties of lead and zinc 
chromates makes these compounds quite attrac¬ 
tive as alternatives. The red-lead primer of 
tradition is a simple dispei-sion of that pigment, 
wdth or without extender, in raw or boiled linseed 
oil (e.gr., B.S. 1011). It has the disadvantage of 
being slow-drying and many variants are now 
produced in which varnishes have been added to 
reduce the interval necessary before the appli¬ 
cation of the subsequent coats of the system. 
Thus, extended red-lead paints are required by 
B.S. 1033 to dry within 5 hours. The number 
of possible chromate primers is very large and 
the whole range of vehicles is available for 
experiments. Attempts have been made to 
standardise some of these materials for special 
purposes in the specifications recently devised 
by the Ministry of Supply and Admiralty. Tho 
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])riming of ccinient and plaster surfaces presents 
a wide field of investigation for the formulator. 
Tn general the chief problems (‘oncern the mois¬ 
ture content, of imnuiture surfaces, the alkaline 
reaction of cement and lime, the consequent 
risk of soponifical ion of oils hi the medium, and 
the 'N^arying porosity of })lastcr surfaces of 
different types and methods of finishing. The 
main object of priming must be to form a satis¬ 
factory basis for the subsequent coats and the 
vehicle content of the primer must be adjusted 
ac'cordingly. It is not good praetii'e to paint on 
alkaline surfaces until they are thoroughly dry, 
and even then the pigments and medium must 
be carefully selected. 

Undercoatings, where they are apjilied, are 
designed to bring forward the surface to an even 
colour and suitable suifaco to receive the tiiiish- 
ing coat. They aie normal ly of good opacity and 
require the use of a high proportion of pigment 
to e.vtender, the latter J)cing used ohiehy to 
adjust the gloss. It is iieet'ssary to bear in mind 
the suitability of an undercoat for the subse¬ 
quent finish. It is useless to aj)ply a hard, 
(piick-drying finish over a soft undercoat. The 
])roportion of oil to vamish component is there¬ 
fore very important. 

Finishing Coats api^licd in normal decorative 
practice are of exlt'(*me diversity of type. The 
principal classes may be summarised as follows: 

1. Glass finishes : 

{(j) Oil type. 

(b) Hard-gloss type : 

(i) Natural gum type. 

(ii) JSynthctic. 

(c) Enamels. 

2. Eggshell and flat finishes (ineludiug tlie 

emulsion'tyjie wail hnishes). 

The oil-type gloss finishes (commonly known 
as “ ready-mixed ” paints) are composed usually 
of pigment and an appreciable proportion of 
extender dispersed in raw linseed oil with perhaps 
the addition of boiled oil or lightly bodied stand 
oil and the necessary driers (c/. the composition 
formula*, set out in B.S. 262, etc,, and B.8. 929). 
They are generally of high weight per gallon, 

} ield a rather soft and not ver}^ glossy film, and 
are useful for general maiiitonanee work whore 
protection is more important than appearance. 

Hard-gloss i)aint8, particularly those intended 
for interior use, may bo made from a very wide 
variety of vehicles. For such interior finishes, 
the vehicle -will usually have a gum-to-oil ratio 
approximating to 1:1. The actual gum or resin 
selected depends very much on the experience 
and personal preference of the operator but 
Congo copal and reduced phenol-formaldehyde 
resins have found extensive application, w’hile 
such newer resins as the maleic anhydride adduct 
of rosin or the cyclohexanone rosins produced by 
I.G. Earbenindustrie had particular advantages 
in colour retention. The alkyds have given good 
performance, and particularly those modified 
with soya-bean oil have excellent colour reten¬ 
tion. Linseed-oil alkyds are rather prone to 
yellowing in the dark, but interior finishes having j 
excellent levelling and flow properties and good 
gloss can be prepared from vehicles at about j 


r)()-55% oil-length. Some workers have favoured 
the addition of natural resin to incToaso tlie gloss, 
but this practice is frequeutly attended by com¬ 
pensating disadvantages of inci-eased yellowing 
and reduced durahilitv. 

For exterior gloss finishes most of the resins 
already noted (jin be used satisfact.orily, al¬ 
though the oil-length of the vehicles will need to 
bo increased, probably up to 70-75% for natural 
gums and reduced phenolics and not loss than 
60% for the alkyds. For exterior finishes, the 
pigmentation needs to be controll(*(l more closely. 
The use, for example, of free-(‘halking forms of 
titanium oxide is not permissihk^ unless suitable 
stc'i^s are taken to retard the rate of breakdown. 
Fugitive colours must be aveaded, and due can^ 
must bo faken to ensure tJiat the pigmentation 
is compatible with any lo(*al condition of atmo- 
.spheric pollution (c.y., to refrain from using zinc 
oxi<le in industrial districts where the atmo¬ 
sphere has a high content of moisture and sul¬ 
phur dioxide). 

Enamels are, by tradition, jiaints of rather 
low opacity but producing lilrns with brilliant 
gloss and excellent flow. The original enamels 
were prepared from zinc oxide and extra pale 
linseed stand oils. The precise significance of 
the term has now been lost except with the older 
craftsmen and “ enamels ” now include products 
based on synthetic riwins. In general, however, 
the qualities of gloss and flow are still maintained. 

* Flat and Eggshell Finishes arc usually em¬ 
ployed for interior decoration and there has 
recently been a marked bias in favour of the egg¬ 
shell gloss on account of the improvement over a 
flat finish in ease of elcaniug and of its pleasant 
general appearance. “ Flat ” finish may be 
defined as tliat which produces only the slightest 
.sheon when viewed at glancing incidence, while 
“ eggshell ” has a definite sheen for the ordinary 
view'point and approaching full gloss at glancing 
incidence. Both typos are made by ail justing 
the proportion of jugmont and medium. The 
cost factor will decide whether pure pigment or 
extender is to predominate, but it is essential 
that the finishes should have adequate opacity. 
Some manufacturers have used matting agents 
such as metallic stearates, and others have in¬ 
corporated a small amount of wax in the finish. 
However, in view of its effect on the drying of 
subsequent paint coats this practice is not 
recommended. 

Two important classes of decorative material 
very closely related to paint may be considered 
uncier this category. They are the oil-emulsion 
and distemper finishes. In the former, the 
ordinary vehicle of oil and gum dissolved in sol¬ 
vent is replaced by an emulsion of oil or oil 
vamish in water. G lue or casein is usually added 
as a “ protective ” colloid and there are present, 
in addition, small quantities of preservatives and 
stabilisers, although recent shortages of glue and 
casein have led to widespread investigation of 
other emulsions. The ingredients are usually 
mixed in a predetermined order and passed 
through some form of homogeniser to ensuje the 
production of a satisfactory emulsion. The 
distemper class uses glue or casein, or a similar 
colloidal solution as the medium. The pan mill 
is specially suited to the manufacture of both 
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groups of water paints. The main ciifforenee 
between the typos is that while the oil-emulsion 
})rocluct8 develop quite reasonable resistance to 
washing after a short period, the oil-free 
materials are at once washed off if sponged down. 
The latter are usually employed for ceilings and 
(^ther locations where washing down between 
paintings is not likely to occur. Both groups 
are cheaper to make and easier to apply than 
Hat oil-paints and therefore find favour where 
first-class work is not required. 

Certain aiixiliaiy materials in general use by 
decorators may be noted before (consideration of 
s])cciality finishing products wdiich are being 
introduced to meet many important demands. 

Knotting, commonly used as its name suggests 
for sealing the resinous exudation of knots in 
soft timber, is a solution of shellac in methylated 
spirits. Common putty, used for glazing and 
general stopping of imperfections, is a stiff i)aste 
of whiting (Paris white) in linseed oil. Decorators 
sometimes use a hard stopping made on the job 
fVom white lead and gold-size (a quick-drying 
oloo-rcsinous varnish of short oil-length). 

in the de(!oration and protection of industrial 
installations there arise conditions of humidity 
and involving the presence of chemicals which 
make very severe demands on the i)amt. 
Formerly, heavy coats of bitumen had been 
used wherever a greater resistance to (corrosic^n 
V as demanded, iiecently, however, there has 
b(‘.en a great drive to brighten up the appearance 
of facjtories and every effort has been made 
to develop satisfactory light-coloured paints. 
Paints that have given improved performance 
have been developed using chlorinated rubber, 
100% phenolic rosins, ami more recently the 
vinyl polymers. Alcohol solutions of Manila 
copal form satisfactory paints for protecting 
battery terminals and boxes against sulphuric 
acid. The pigmentation and addition of 
plasticisers to these materials have a very great 
effect on the performance of the paint, and the 
exact formulations of these products are among 
the most jealously guarded secrets of the paint 
manufacturers. 

A further class of decorative and protective 
paints that must not be overlooked is that used 
in the marine field. The interior decoration of 
passenger quarters of ships follows the broad 
principles already outlinecl, but the protection 
of a large area of steel plate requires special 
care in selection of primers. At the same time 
this extensive use of metal increases the troubles 
due to condensation, and the paints are therefore 
reejuired to have increased water resistance. In 
other areas the maintenance painting of ships 
presents special problems. In particular, the 
hull below the water-line requires special atten¬ 
tion. If the voyage is likely to bo interrupted 
by calls in port of any but the briefest duration 
or if it extends into tropical waters, the paint 
film must not only bo adequate for protective 
purposes, but must also have toxic properties 
towards animal and vegetable organisms which 
tend to attach themselves to the surface. These, 
if their growth is not controlled, offer consider¬ 
able extra frictional resistance to the passage 
of the ship through the water, resulting in loss 
of fuel efficiency. (Details of fouling organisms 


are given concisely in a pamphlet entitled “ The 
Fouling of Ships’ Bottoms: Identification of 
Marine Growth,” London, The Iron and Steel 
Institute, 1944; see also Vol. Ill, 3836.) Paints 
formulated to combat fouling usually contain 
compounds of copper or mercury (or both). 
Some have recently experimented with organic 
poisons. The traditional medium for these 
paints is a solution of rosin with minor additions 
of plasticisers, etc. The efficiency of an “ anti- 
fouling ” j)aint depends on the rate of solution 
of the poison by sea-water, and the formulation 
must be adjusted so that this is neither too fast 
nor too slow to give optimum results. Between 
the jiermanently immersed part and that part 
which is always above the water lino (“ topsides ”) 
there is the area between the light and deep load 
lines generally known as the ” boot-topping ” 
area. Paints for this part have to withstand not 
only the immersion and splashing with sea water 
but also the full effect of normal weathering. 
In addition it is sometimes desired to include 
anti-fouling ingredients. Consequently, a com¬ 
promise has to be made and most boot-topping 
paints have relatively poor durability. The top- 
sides can be coated satisfactorily with good 
quality oil or synthetic paints but proper atten¬ 
tion to ijriming is a paramount necessity. The 
same remarks apj)ly to preparations of the siiper- 
stru(‘ture for painting and also to the preliminary 
work on holds, ballast tanks, etc. In the latter 
I situations it is convenient to use relatively quick- 
I drying paints, provided these are not so brittle 
' as to fiake off readily in contact with cargo. 

'Fhe preparation and composition of finishes 
for industrial use are very much more complex 
than those designed for the ordinary decorative 
market and it will be impossible in the scope of 
this article to give more than one or two general 
examples. A definite distinction is at once 
apparent in the method of application of the 
I^aint to the article to bo coated. Most decora¬ 
tive paint (still probably around 95%) is applied 
by brush. For paints used in industry the figure 
is probably reversed and not more than 5% 
would be brush-applied. Great advances have 
been made in the development of spray techni(iue 
and very many articles also are now coated by 
dipping. The other point of difference is that 
many articles painted in industry, from the 
smalle.st even to a motor car, are capable of 
having the paint dried by application of heat. 
The means by which this is done vary with the 
article involved but there may bo noted the 
alternative use of box and conveyor ovens and 
electric or gas ” radiant heat ” installations. It 
is not possible in this article to enter into a dis¬ 
cussion of the relative merits of these alterna¬ 
tives and care should be taken by the user to 
consult both the pAint manufacturer and the 
supplier of stoving equipment before settling on 
his process. 

Material giving satisfaction for industrial use 
may bo formulated from the whole range of 
vehicles. In recent years, however, the urea- 
formaldehyde and similar resins have attracted 
favourable comment by their property of being 
non-thermoplastic in the converted state, so that 
an article finished in these materials will be able 
to be stacked without risk of damage without a 
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long cooling period. The alkyds also have given 
good general 8ervi(te. Phenolic 7‘OHins have 
found important specialised application in the 
electrical and food-canning industries, and in 
other uses where their particular properties make 
them of value. 

The wider development of the paint industry, 
alongside the plasties industry, is one of the 
most active fields of research at tlie present time. 
For that reason this article has been kept in¬ 
tentionally ill general terms and attempts only 
to indicate the fundamental principles of paint 
“ science.” For details of any specialised aspect, 
reference should be made to the appropriate sec¬ 
tion of this Dictionary or to the standard works 
on the subject, listed in the Bibliography below. 
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E. G. N. 

PALLADIUM. Svm. Pd, at. no. 4(), at. 
wt. 106-7. 

Occurrence.—Palladium is found in all 
native platinum, generally to the extent of 
1-3% of the mineral. It also occurs in nickel 
sulphide ores, particularly those of the Sudbury 
district of Ganada, from which the greater part 
of the World’s supply of new palladium is now 
obtained. An alloy of gold with 8% of Pd occurs 
In small amounts in Brazil. In South Africa the 
mineral stibiojyalladinite, PdgSb, occurs in some 
parts of the Merensky Reef, chiefly in the 
Potgietersrust area, while most parts of the reef 
contain the mineral braggite, (Pt,Pd,NI)S. 
Braggite is an important source of palladium, 
forming an appreciable proportion of the 
platinum mineral concentrate obtained from the 
Rustenburg mines; about 10,000 oz. of pal¬ 
ladium are obtained per annum from this source, 
compared with probably over 100,000 oz. per 
annum from the matte derived from smelting 
the Sudbury copper-nickel ores, and only a few 
thousand ounces from the whole of the world’s 
output of native platinum. 

Extraction. —Both the Sudbury and the 
Rustenburg ores are smelted to obtain a copper- 
nickel matte which is smelted with sodium sul¬ 
phate and coke to separate the nickel and copper 
sulphides, the platinum group metals following 
the nickel. In the Mond process the nickel sul¬ 
phide is roasted to oxide, which is reduced to 
nickel sponge with water gas; the nickel is then 
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romovod aa carbonyl by treatment with carbon 
monoxide, and th(3 residuo ia amelted with lead 
and silver to separate the platinum metals from 
base-metal impurities. The lead alloy is 
cupelled, and the resulting silver bullion is boiled 
with sulphuric acid, which dissolves the silver 
and palladium; on (*ooUng the acid most of the 
silver separates as sulphate; the remainder is 
precipitated as chloride and the palladium re¬ 
covered from the filtrate by precipitation with 
pure zinc. 

In the clectiolytic process the nickel oxide is 
smelted to crude metal, which is refined by elec¬ 
trolysis in a nickel sulphate solution; the 
platinum metals accumxilato in the anode slime, 
which is treated in a similar way to the (;arbonyl 
residues in the Mond process. 

Pure palladium can bo obtained by dissolving 
the crude metal, obtained as described above, 
in (Kpm regifiy boiling the solution with hydro¬ 
chloric acid to destroy nitro-compounds, adding 
ammonium chloride and cooling to precipitate 
any platinum, and then oxidising the solution 
with sodium chlorate or permanganate to pre¬ 
cipitate ammonium chloropalladate, 

(NH4),PdCle; 

this precipitate is redissolved by boiling with 
water until evolution of nitrogen ceases, and the 
solution is made ainmoniacal, boiled until the 
j)ink precipitate first formed redissolves, filtered, 
and reacidified with hydrochloric acid to pre¬ 
cipitate dichlorodiarnminopalladium, 

[PdCl2(NH3)2]. 

After cooling the yellow crystals are collected on 
a filter, waslied with cold water, dried, and 
heated in air to expel ammonia and chlorine and 
leave a residue of slightly oxidised palladium 
sponge; this is convert(id into the pure metal 
by heating in hydrogen and cooling in carbon 
dioxide or pure nitrogen to avoid occlusion of 
hydn)gen by the sponge. 

In the refining of platinum mineral {v. 
Platinum, Vol. X) palladium remains in the 
mother-liquors from the ammonium ehloro- 
platinate precdjiitation ; the solution also con¬ 
tains rhodium and iron, copper, and other base 
metals. When the solution is warmed wdth 
sodium chlorate or permanganate and more 
ammonium chloride, the palladium is jirecipi- 
tated as crude ammonium chloropalladate. If 
this precipitate is boiled with water and the 
solution cooled, traces of platinum and iridium 
separate as ammonium chloroplatinato and 
chloroiridate; concentration of the filtrate and 
addition of more ammonium chloride afford on 
cooling brown crystals of ammonium chloro -1 
palladite. Those crystals are separated from! 
the mother-liquor and dissolved by boiling with | 
ammonia to give tetrammine-palladous chloride 
solution, from which the palladium is recovered 
as dichlorodiarnminopalladium on addition of 
hydrochloric acid. 

Properties. —Palladium is a silvery-white 
metal of density 11'96 at 18®c. It has a cubic 
face-centred lattice with a—3*8825 A. (E. A. 
Owen and J. I. Jones, Proc. Physical. Soc. 1937, 
49, 687). It melts at l,564‘4®o. and is therefore 
Vol. IX.—14 


the most readily fusible of the platinum group 
metals; it can readily be vaporised in the arc. 
At temperatures around the melting-pouit 
palladium is appreciably volatile even in a 
neutral atmosphere. The thermal conductivity 
is 0*161 e.g.s. units at O'^c. and 0*177 at 100'c. 
The thermal expansion for the range 20-l,000'’c. 
is given by Holtzmann (Siebert Pestsclirift, 
1031, 147), as ri4-(l-0637x l0~^)(«-20) 

f (4*r)94x 10-»)(^-20)2-(l*r)21 X 10 ~> 2 )(^ - 20)3J. 
The true specific heat at temperatures up to the 
melting-point is given by the expression 
6'3,=0-058378-f (l*20548x 10-6)^4 (2-58 x 
(K. M. Jaeger and W. A. Voonska, Proc. K. 
Akad. Wetensch. Amsterdam, 1931, 34, 15). 
The clo(;trical resistivity of palladium is 10*63 
microhm-cm. at (fc., 14*3 at 100°c., and 40*0 at 
l,000''o. The best value for the temperature 
coefficient of resistance is probably 0*00377 for 
wire annealed at l,000°c. Palladium is ttn^rmo- 
electrically negativ^o to platinum, the e.rn.f. at 
l,50(Pc. of a palladium-platinum couple being 
—22*74 millivolts. 

The hardness of pure annealed palladium is 
about the same aa that of platinum (Vickers 
pyramid hardness 37), but the commercial metal 
has an average hanlness of 45 after annealing 
at 800-1,OOO'^c. Cold-rolling rapidly increases 
the hardness to a maximum of about 110 V.P.ll. 
aft(ir 60% reduction in thickness. The effe<4 of 
alloying w ith other metals on the hardness of the 
annealed mc'tal is shown below\ 



Vickers 

pyramid hardne- 



number. 


Alloying metal, % . 

5 

10 

15 

20 

Ruthenium . 

. no 

180 

— 

— 

Nickel .... 

. 88 

132 

168 

185 

Iridium .... 

65 

90 

120 

157 

Osmium .... 

65 

82 

98 

130 

Copper .... 

. 68 

85 

102 

110 

Silver .... 

. 62 

78 

87 

95 

Rhodium 

55 

64 

78 

85 

Platinum 

. 47 

50 

55 

60 


Annealed palladium has a tensile strength of , 
12-13 tons per sq. in. with an elongation of 
40%, but its proportional limit is only about 2 
tons per sq. in. The metal is very ductile and 
malleable and can readily be beaten out into leaf 
as thin as 4x 10~® in. The hard-w’orked metal 
commences to soften at about 700", but maximum 
ductility is obtained only by annealing at 600- 
900"; this annealing is preferably carried out in 
an inert atmosphere since the metal oxidises 
readily in air in the range 400-8(K)"c. Alterna¬ 
tively the metal may bo given a very short 
anneal at 900" and cj[uenched in water containing 
a little alcohol. 

Palladium readily absorbs hydrogen; when 
the absorption takes place cathodioally the 
maximum amount of gas taken up approaches 
the composition PdjH, but by exposing the 
metal to hydrogen under pressure the com¬ 
position PdH is closely approached. Absorp 
tioii of hydrogen increases the hardness, tensile 
strength, and electrical resistance of the metal 
and decreases its ductility and density. Pal¬ 
ladium thimbles are used for “ filtering ” 
hydrogen into special furnaces and other 
apparatus whore very pure hydrogen is required 
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(E. S. OilfiUan, Trans. Electrocliem. Soc. 1940, 
77, 43). Palladium-liydrogon is a powerful 
reducing agent and can be used for the catalytic 
hydrogenation of oils and fats, although nickel 
is generally preferred for this purpose. 

Palladium is not attacked by hydrofluoric, 
acetic, or phosphoric acids, or by dilute halogen 
acids or sulphuric acid. It dissolves in hot con¬ 
centrated sulphuric acid slowly, but more rapidly 
in presence of an alkali sulphate or ammonium 
sulphate. Nitric acid, aqua regia, and the halo¬ 
gens dissolved in hydrochloric acid readily dis¬ 
solve the metal, as also do bromine, chlorine, 
ferric chloride, and hyi)ochlorito solutions. 
Iodine stains palladium black owing to the for¬ 
mation of the insoluble di-iodide, but sulphur 
has little tarnishing action at room temperature. 

Alloys.—Palladium alloys with most metals; 
the binary systems with the following nujtals 
have been more or less systematically studied: 
antimony (A. T. Grigoriev, Z. anorg. Chem. 
1932, 209, 308); beryllium (G. Winkler, Z. 
Metallk. 1938, 30, 102); boron (A. Hieverts and 
K. Pruning, Z, physikal (hem. 1934, 168, 412); 
carbon (G. Siebert, U.H.P. 652,034); chromium 
(G. Grube and li. Knabe, Z. Elcktroehem. 1936, 
42, 793); cobalt (G. Grube and 11. Kastner, 
ibid. 1936, 42, 156); copper (H. Kucr, Z. anorg. 
Chem. 1911, 51, 223 ; K. Taylor, J. Inst. Metals, 
1934, 54, 255; P. W. Jones and C. Sykes, ibid. 
1939, 65, 419); gold (W. Eraenkel and A. 8tcrn, 
Z. anorg. Chem. 1927, 166, 166); iron (A. T. 
Grigoriev, ibid. 1932, 209, 295; R. llultgren 
and C. Zapfi'e, Trans. Amor. Inst. Min. Met. Eng. 
1939, 133, 58); load (R. Ruer, Z. anorg. Chem. 
1907, 52, 345); manganese (G. Grube and 0. 
Winkler, Z. Elektrodiem. 1939, 45, 784); nickel 
(F. Heinrich, Z. anorg. Chem. 1913, 82, 322; 
W. Eraenkel and A. Stern, ibid. 1927, 166, 164); 
rhodium (G. Tarnmann and H. J. Rocha, Siebert 
Eestschrit't, 1931, 309); silicon {V. Lebeau and 
P. Jolibois, Compt. rend. 1908, 146, 1028); 
silver (R. Ruer, Z. anorg. Chem. 1906, 51, 315). 
Alloys of palladium with 40% of copper, and 
with 80-90% of silver are used for electrical 
contacts. (Jold-palladium alloys are used in 
dentistry ; the 80:20 alloy has been employed as 
a substitute for platinum in making laboratory 
crucibles and dishes. 8ilver-copper-palladium 
alloys are used for cast dental plates and for 
making fountain pen nibs. 

Uses.—Pure palladium contacts are used in 
telephone relays, palladium leaf is used for pro¬ 
ducing white non-taniishing decorative effects, 
and palladium plating is used for producing 
white finishes on cheap jewellery. Hardened 
palladium is used as a substitute for platinum in 
jewellery, and palladium salts are employed in 
making special photographic printing papers. 
Solutions of palladous chloride or the double 
potassium sulphite are used for detecting carbon 
monoxide in the air of mines, etc. Various forms 
of palladium are used as hydrogenation or oxida¬ 
tion catalysts, the most useful form being 5% 
palladised asbestos. Colloidal solutions of pal¬ 
ladium are also employed as catalysts. 

PAiiLADiuM Compounds. 

Oxides. — Palladium Monoxide, PdO, is 
obtained in hydrated form as a brown precipi¬ 


tate when palladous chloride or nitrate solution 
is boiled with a slight excess of alkali hydroxide 
or carbonate. The precipitate becomes darker 
on drying, but does not lose all its water until 
heated above 500^^; at above 800'^c. it loses 
oxygen and is converted into the metal. The 
anhydrous oxide (;an bo obtained by decom¬ 
posing the nitrate by heating, or by careful 
oxidation of the finely-divided metal in oxygen ; 
the oxide prepared by these methods is dillicultl}’^ 
soluble in acids, whereas the precipitated 
hydrated oxide readily dissolves in mineral acids 
and in excess of caustic alkalis. 

Palladium Sesquioxide, PdgOg, is obtained as a 
hydrated brown precipitate at the anode on 
electrolysing a cold conc(‘ntrated solution of 
palladous nitrate; it is unstable and readily 
decomposed by acids giving palladous salts. 

Palladium Dioxide, PdOg, is obtained as a 
browui liydrated precipitate resembling pre¬ 
cipitated manganese dioxide by boiling a neutral 
solution of sodium chloropalladitc with sodium 
bromate or, like manganese dioxide, by boiling a 
solution of the nitrate w ith sodium chlorate or, 
bettor, bromate. On drying, the precipitate 
darkens and retains one molecule of water very 
tenaciously. It dissolves in cold hydrochloric 
acid forming a solution of palladic chloride; 
boiling nitric acid slowly' decomposes it, forming 
palladous nitrate. Hydrogc'u reduces it to nuhal 
wdth incaiidescence; on heating at 20 ()' c. it 
decomposes into the monoxide. 

Fluorides.—Hy^groscopic black rhombic cr 3 ’s- 
tals oipnlladiuni trijluoride, PdFg, are obtained 
by heating palladium sponge at 5U0-6()0'c. first 
in chlorine and then in lluorine. Treatment of 
the solution with reducing agents affords the di¬ 
chloride, PdFg, which can also bo obtained by 
treating the di(;hlorido w'ith hydrogen fluoride 
(Ruff and Ascher, ibid. 1929, 183, 193). 

Chlorides .—Palladoum Chloride, PdCl 2 , sub¬ 
limes as dark-red needles wEen palladium st^onge 
or the monosulphide is heated in dry chlorine. 
The dihydrate, PdCl 2 , 2 H 20 , crystallises as a 
brown hygroscopic mass on evaporating a solu¬ 
tion of the metal in hy(lro(!hloric aeid and 
chlorine, or in aqua regia. It is soluble in w ater, 
giving a brown solution from which silver 
nitrate precipitates PdCIgjSAgOH. Similar 
compounds are given by addition of lead and 
thallium nitrates, indicating that palladous 
chloride in solution may act as a dibasic aeid, 
H^IPdCl^lOHlJ. Palladous chloride forms 
stable double salts with chlorides of the alkalis, 
alkaline earths, magnesium, zinc, cadmium, 
nickel, manganese, and ammonium ; these com¬ 
pounds are usually formulated as derivatives of 
chlorojmlladous acid, H 2 PdCl 4 , although the 
arid itself has not been isolated. The chloro- 
palladites are ail soluble in water, usually 
crystallising in brown needles. The caesium and 
rubidium salts are the least soluble. Ignition of 
the ammonium salt affords palladium sponge 
with high catalytic activity. 

Palladic Chloride, Pd Cl 4 , is not known in the 
free state, but only as double salts of the type 
M JPdCi 4 , corresponding to the cldoroplatinates, 
with which they are isomorphous. They are 
relatively unstable, and on boiling with water 
revert to chloropalladites with evolution of 
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chlorine. Potassium, rubidium, and csesium 
chloropalladates arer rod to brownish-red in¬ 
soluble salts formed by treating the correspond¬ 
ing chloropalladito in dilute hydrochloric acid 
solution with chlorine or, better, the alkali metal 
permanganate. 

Ajnmoyiium Chloropalladates (NH^lgPdClg, is 
precipitated as red octahedra by addition of 
sodium chlorate or potassium permanganate to 
a warm solution of ammonium and palladous 
chlorides in dilute hydrochloric acid. The salt 
is quite stable at room temperature, but rapidly 
decomposes in hot water with evolution of 
nitrogen and formation of palladous chloride. 

Palladous Bromide, PdBfg, is obtained by 
dissolving precipitated palladium in bromine- 
hydrobromic acid and boiling off the excess of 
bromine. It resembles the corresponding chlo¬ 
ride in its properties and roa(!tions. iJromo- 
palladitos and -palladates are also known. 

Palladous Iodide, Pdig, is precipitated as a 
flocculont black compound by adding a soluble 
iodide to a slight excess of palladous chloride 
solution. It readily dissolves in excess of potas¬ 
sium iodide solution and yields iodine and pal¬ 
ladous oxide on roasting in air at 300-400''c. 

Palladous Sulphide, PdS, is a brown pre¬ 
cipitate formed by passing hydrogen sulphide 
through palladous chloride solution; it is 
probably hydrated. On heating ammonium 
chloroi)alladate with sulphur a dark greyish- 
black metallic mass of PdS is obtained which 
melts at 950°c., losing sulphur and fonning 
globules of a eutectic of palladium and a sub- 
sulphide which resemble mercury in appearance 
while molten. Complete expulsion of sulphur 
by roasting in air is very difficult owing to the 
fusibility of this eutectic. Alkah thio-palladiies 
and -x^alladates have been prepared by fusing 
alkali hydroxides with sulphur and palladous 
sulphide in various proportions. 

Palladous Sulphate, PdS 04 , 2 H 20 , sepa¬ 
rates in brown deliquescent crystals when a 
solution of palladium in concentrated sulphuric 
acid is diluted slightly and allowed to crystallise. 
It hydrolyses on boding with much water, yield¬ 
ing a brown flocculent precipitate of basic 
sulphate. 

Palladous Nitrate, PdlNOglg, crystallises 
as deliquescent brownish-yellow, orthorhombic 
prisms when a solution of palladium sponge in 
nitric acid is evaporated and cooled; its solution 
in water hydrolyses on boding with the forma¬ 
tion of basic salts of indefinite composition. 

Palladonitrites, MJPdiNOg)^, are formed 
by boiling palladous chloride or nitrate solution 
with excess of alkali nitrite. The potassium 
salt, K 2 Pd(N 02 ) 4 , 2 H 20 , readdy crystallises in 
efflorescent, yellow, triclinic prisms. A solution 
of this salt in water acidified with a few drops of 
sulphuric acid and containing sodium sulphate 
as conducting salt can be used for paUadium 
plating. 

Palladous Cyanide, Pd(CN) 2 , is formed as 
a yellow flocculent precipitate when mercurous 
cyanide is added to paUsidous chloride solution; 
this reaction serves to separate palladium from 
the other platinum metals. On ignition pal¬ 
ladous cyanide affords palladium sponge, with 
evolution of cyanogen. 


Potassium Palladocyanide, 
K2Pd(CN)4,3H20, 

crystallises in colourless rhombic needles when 
a solution of palladous cyanide in potassium 
cyanide is evaporated. It is isomorphous with 
the corresponding platinum compound, loses 
2 H 2 O at lOU'c., and becomes anhydrous at 
200"c. 

Palladium Am mines.—When ammonia is 
added to a solution of ammonium chloropal- 
ladite a pink precipitate is first formed, but this 
dissolves on boiling and the solution yields 
colourless needles of teirammine palladous 
chloride, [Pd(NH3)JCI„ on cooUng ; this com¬ 
pound readily dissolves in water, giving a 
colourless solution from which hydrochloric acid 
precipitates bright yellow crystals of dichloro- 
diamniinopalladimri, [PdCIglN Hglg]. The pink 
crystals mentioned above have the same 
empirical formula as those yellow crystals but 
are generally considered to be tetra7nminopal¬ 
ladium chloropalladite, [ Pd (N H 3 ) 4 ][PdCl 4 ]. Ad¬ 
dition of excess of ammonia to palladium nitrate 
solution followed by boiling affords colourless 
needles oi ietrammiiie palladous nitrate, 

LPd(NH 3 )J(N 03 )„ 

which does not give a diammiiionitrato-compound 
when treated with nitric acid ; with hydrochloric 
acid, however, yellow [PdCl 2 (N 113 ) 2 ] 
cipitated. Palladonitrites with ammonia yield 
diamyninodinitritopalladiutn, 

[Pd(N02)2{NH3)2j, 

which exists in cis- and fraas-modifications; a 
solution of these compounds in ammonia 
furnishes a useful palladium plating solution. 

Detection oe Palladium. 

Three characteristic reactions serve to dis¬ 
tinguish palladium from all other metals; vi/.. 
(1) precipitation of black palladous iodide when 
potassium iodide is added to the chloride solu¬ 
tion ; (2) precipitation of yellow flocculent 
palladous cyanide when mercuric cyaniile is 
added to a neutral chloride solution, and (3) for¬ 
mation of a bright yellow voluminous crystalline 
precipitate when an acid chloride solution is 
treated with dimothylglyoxime solution. Hydra¬ 
zine precipitates metallic palladium from boiling 
solutions of the chloride, sulphate or amrnino- 
compounds; ferrous sulphate or alcohol precipi¬ 
tates the metal from boiling strongly acid sul¬ 
phate solutions. 

A. R. P. 

PALM OIL (i7. this Vol., p. 1C^>). 

PALM SUGAR. Qur. Jaggery. A brown 
crude sugar obtained by collecting the sap from 
certain tropical and sub-tropical palm trees; 
only a small proportion of the production is 
refined until it is white and granular. The names 
and habitat of the trees chiefly utilised for this 
purpose are: Arenga aacekarifera, sago palm, 
wild in Assam and Burma, cultivated in India; 
Borassus flabellifer, Palmyra or toddy palm, 
tropical Asia and America; Caryota urena, 
Indian sago or kitul palm, India and Burma; 
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Cocos nucifera, coco-nut palm. East and West 
Indies; ^vipa fruticanSt nipa palm, Philippine 
Islands; Fhcenix silvestris, toddy palm, wild 
date palm, East Indies. 

Browning and Symons (J.S.C.l. 1916, 35, 
1138) doscribo the tapping of the coco-nut palm 
in Ceylon. The native tapper climbs the tree 
and cuts olf a small piece from an undeveloped 
flower-spathe, and attaches a pot to the stump 
to collect the sap. The maximum daily yield 
was 4,738 c.c.; the total yield per spathe varied 
from 3J to 17 t| gallons. A small amount of 
slaked lime is placed in each collecting j)ot, which 
has the effect of checking the otherwise rapid 
spontaneous fermentation of the sap. The 
freshly-collected swt'ct toddy contains 12*3- 
17*4% of sucrose and is consumed as a beverage. 
The fermented effervescing juice is knov.m as 
toddy or palm wine. There is a large demand 
for the potable spirit, arrack {v. Vol. J, 467), 
which is distilled, by wasteful native methods, 
from the fermented toddy. N^inegar, con¬ 
taining up to ()% of acid, as acetic acid, is an 
alternative manufacture, carried out by pro¬ 
longed exposure of toddy to the air. 

The juice not consumed as a beverage is 
evaporated in iron pans until a sample sets on 
cooling. 

One gallon of sweet toddy yields about 1 i lb. 
of jaggery or crude sugar. 

Gibbs {ibid. 1911, 30, 1133) describes similar 
imocessos in the Philippines with the juice of the 
nipa palm which ho considers to be an economic 
source of power-alcohol. The jaggery from 
the nipa-palm juice contained: sucrose, 88*2; 
glucose, 3-3; water, 6*0; ash, 2*92%. Milsum 
and Dennett (B. 1930, 435) who studied products 
from Arenga saccharifera estimate that about 
70% of the sugar in the saj) could be obtainc'd 
as white sugar of 99% polarisation. Koxas 
{ibid. 1930, 436) adds sodium bisulphite to the 
sap to destroy a peroxidase which is present. 
The sap of Borassus flabellifer contains 100 mg. 
of fiscorbie acid in 100 c.c. (Mitra, Amer. Chem. 
Abstr. 1942, 86, 2033). For analyses of coco¬ 
nut toddy, see Cowap et al.. Analyst, 1932, 67, 
627. Rae et al. (Amer, Chera. Abstr. 1941, 35, 
5740) estimate the annual production of palm 
sugar and jaggery in India to be 130,000 tons. 
Detailed information of the sugar palms is given 
by G. Watt, “ Commercial Products of India,” 
London, 1908; I. H. Burldll, “ Economic Pro¬ 
ducts of the Malay Peninsula,” 2 vols., Crown 
Agents for the Colonies, London, 1935. 

J. N. G. 

PALUDRINE. N j-p-Chlorophenyl- N y iso¬ 
propyl dignanide (biguanide). Antimalarial drug 
{v. Synthetic Drugs). 

S E 

PAM AQUIN. 2:2'Diliydroxy-l:l'-dinaph- 
thylmethane-3:3'-dicarboxylic acid salt of 
6 - methoxy- 8 - [8 - diethylamino - a - methylbutyl- 
amino] quinoline. “ Plasmoquin.''^ Antimalarial 
drug. B.P. Add. IV and VI; B.P.C. Supp. Ill 
and VI {v. Synthetic Drugs). 

S. E. 

PA N TOGA IN E. Dimethylaminoethyl-p- 
butylaminobenzoate hydrochloride. “ DecicainP 
Local anaesthetic { v . Synthetic Drugs). 

S. E. 


PANTOTHENIC ACID, 

CH2(0H) C(CH3)2 CH(0H) C0 NH CHa'CHa COOH 

w^as the first vitamin to bo discovered, isolated, 
and synthesised using as a basis an entirely new 
approach. Other vitamins had been discovered 
and concentrated because of their physiological 
effects on animals; panthothenic acid was dis- 
I covered and concentrated because of its effective¬ 
ness as a grt)wtli substance for micro-organisms 
(Williams et al., J. Amor. Chem. 8oc. 1933, 56, 
2912; 1938, 60, 2719; Snell, Strong, and 

Peterson, ibid. 1938, 60, 2825). 

The use of micro-prganistns in vitamin research 
lias been extremely profluctivo (Williams, 
Science, 1941, 93, 412). Biotin had been 
isolated by Kogl as a substance promoting the 
growth of yeast in 1935 ; its vitamin properties 
were recognised in 1940; its structure and 
synthesis rojiortcd in 1942 and 1943 {see review, 
Hofmann, Adv. Enzymology, 1943, ill, 289). 
The vitamin properties of inositol, nicotinic acid, 
p-aminobenzoic acid, pyridoxal, pyridoxamine, 
and folic acid have likewise been recognised as a 
result of microbiological studies. 

Tiie name pantothenic acid (Greek, from every¬ 
where) was given this substance because of its 
ubiquitous occurrence in diverse forms of living 
material. Evidence for its existence in the 
following biological phyla: Chordata, Arthro- 
poda, Kchinodorms, Molluscs, Annulata, Plathyl- 
minthos, Myxomyectes, Bacteria, Fungi, Algic, 
Spermato])hytcs, was jiresentod in 1933 (Wil¬ 
liams el al., J. Amer. Chem. 8oc. 1933, 55, 2912). 
It is the first vitamin which has not been given 
an alphabetical name. Since its widespread 
occniTence was noted it has boon found tha< 
other yi-vitamins generally are likewise widely 
distributed in all organisms tested (Wood et at., 
Univ. of Ti^xas PubL 1942, 4237, 84). 

Distribution .—The richest common source of 
pantothenic acid is liver, but “ royal jolly ” 
used by bees may be as much as 6 times as rich 
(Pearson and Burgiii, Proc, 8oc. Exp. Biol. 
Med. 1941, 48, 415). Yeast is a rich source; 
fresh vegetables and fruits are relatively good 
food sources (Cheldelin and Williams, Cniv. of 
Texas Publ. 1942, 4237, 105). Pantothenic acid 
originates during the growth of green plants 
(McBurney, Bollen, and Williams, Proc. Nat. 
Acad. Sci. [U.S.A.], 1935, 21, 3.01) and certain 
bacteria (Thompson, Univ. of Texas Publ. 1942, 
4237, 87) including those in the rumen of cattli^ 
(Wegner et al., Proc. Soc. Exp. Biol. Med. 1940, 
45, 769) but not, so far as is known, in the tissues 
of higher animals. It was early found that 
pantothenic acid exists in tissues in a bound 
condition (Rohrman, Burget, and Williams, ibid. 
1934, 82, 473) and is released only by autolysis 
or other enzymatic action. Subsequently this 
was found also to be true for other B-vitamins 
(Williams, Univ. of Texas Publ. 1941, 4137, 
8; Cheldelin et al., ibid. 1942, 4237, 15). 

Isolation .—^The isolation of pantothenic acid 
from natural sources is extremely difficult. 
Three relatively large-scale attempts have been 
made to do this. Williams and co-workers 
(J. Amer. Chem. Soc. 1938, 60, 2719) obtained 
about 3 g. of 40% pure calcium salt and small 
quantities of salt of over 90% purity from 260 kg. 
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of sheep liver. The liver was autolysed to obtain 
a clear filtrate, undesirable bases were removed 
using fuller’s earth, and the active principle was 
adsorbed on activated charcoal. The charcoal 
was then eluted and the eluate evaporated to 
dryness on Kieselguhr in the presence of brucine 
and brucine oxalate. The residue was extracted 
with dry chloroform and the mixture of brucine 
salts was fractionated by a laborious process, 
involving distribution between immiscible sol¬ 
vents. This step alone occupied about 6 months. 
The brucine salts thus obtained were converted 
io the stable calcium salt and fractionated 
further with solvents and solvent mixtures. 

Subbarow and Hitchings {ibid. 1939, 61, 1616) 
followed a modified procedure based upon that 
of Williams and obtained 510 rag. of about 75% 
pure calcium salt from 160 kg. of liver. 

Kuhn and Wieland (Bor. 1940, 73 fB], 962) 
started their work with 4 tons of fresh tunny 
liver. They used various precipitation pro¬ 
cedures to remove inert material, and charcoal 
to adsorb the active substance. By precipitating 
the active principle with barium hydroxide in 
methanol and making use of chromatographic 
adsorj^tion on alumina they obtained material 
of about 6% purity. They obtained pure 
pantoic lactone from this product and conduded 
that pantothenic acid from this source was 
identical with that obtained by Williams from 
mammalian liver. Stiller, Koresztesy, and 
Finkelstein (J. Amer, Chem. Soc. 1940,‘62, 1770) 
had previously isolated pantoic lactone from 
liver concentrates of pantothenic acid. 

Quantitative DeterminaUon ,—The most widely 
used methods for the quantitative determination 
of pantothenic acid are based upon the original 
findings of Snell, Strong, and Peterson {ibid. 
1088, 60, 2825) and involve the use of Lacto¬ 
bacillus casei as the test organism. Various 
interfering substances have been discovered and 
means of overcoming most of them have been 
devised (Thompson, Cunningham, and Snell, 
J. Nutrition, 1944, 28, 123). A number of other 
bacteria have also been used for pantothenic 
acid assay: Proteus morganii (Pelczar and 
Porter, J. Biol. Chem. 1941, 139, 111), Strepto¬ 
coccus lactis (Mitchell et al., J. Amer. Chem. Soc. 
1940, 62, 1776), Streptobacterium. plantarum 
(Kuhn and Wieland, Ber. 1940, 73 [B], 962), and 
La>ctohaciUus arabinosus 17-5 (Skeggs and 
Wright, J. Biol. Chem. 1944, 156, 21; Hoag, 
Sarett, and Cheldelin, Ind. Eng. Chem. [Anal.], 
1945, 17, 60). Some of these, especially the 
last, have advantages over the widely used L. 
cc^ei. 

In case micro-organisms are used for assay 
organisms the pantothenic acid must be brought 
into solution before the tests can be applied. 
Bound forms must be rendered available, and 
the completeness of the extraction determines 
in part the character of the result (Cheldelin 
etal., IJniv. of Texas Publ. 1942, 4237, 15). 

Chicks have been used most extensively for 
pantothenic acid assay by Jukes (J. Biol. C^em. 
1937. 117 , 11; J. Nutrition, 1941, 21 , 193). 
Such a determination requires a two-week 
growth-period and has obvious disadvantages, 
but bound forfns of pantothenic acid are pre¬ 
sumably 3 r©u(j[©rp(J completely available in the 


digestive tract. Values obtained by the chick 
method agree in general with the bacteriological 
methods, but there are discrepancies in the case 
of some materials, notably yeast, which have not 
been completely elucidated. 

Synthesis .—Pantothenic acid may be syn¬ 
thesised by the interaction of a j8-alanine ester 
and pantoic lactone. Williams and co-workers 
first used this method on a small scale using the 
crude lactone from natural sources (Science 1939, 
89, 486; J. Amer. Chem. Soc. 1940, 62, 1784). 
Stiller et al. {ibid. 1940, 62, 1779) identified the 
lactone from pantothenic acid as a-hydroxy- 
j5/5-dimethyl-y-butyrolactone, which had pre¬ 
viously been synthesised by Glaser (Monatsh. 
1901, 22, 66), and developed the synthesis on a 
practical scale (Stiller et al., J. Amer. Chem. Soc. 
1940, 62, 1785). This B 3 uithcsis was also 

developed independently by Reichstein and 
Griissner (Helv. Chim. Acta, 1940, 28, 650) and 
Kuhn and Wieland (Ber. 1940, 73 [B], 971), who 
in the latter case used the benzyl ester and 
subsequently removed the benzyl group by 
hy d rogen ol y sis. 

The use of ^-alanine esters is undesirable, due 
to their instability and to the fact that after 
condensation the ester group must subsequently 
be removed by a mild treatment which will not 
cleave the pantothenic aedd itself. H 3 "drolytic 
cleavage of aliphatic esters without substantial 
cleavage of the acid can, however, be accom¬ 
plished. Another method which obviates these 
diffi(‘ulties involves the interaction between 
pantoic lactone and a salt of jS-alanine. This 
w^as first done with crude lactone and later in 
excellent yield by melting together the dry 
lactone and sodium salt (Williams et al., J. Amer. 
Chem. Soc. 1940. 62, 1784). Babcock and 
Jukes {ibid. 1940, 62, 1628) carried out the same 
reaction using an aqueous solution. Moor© 
(U.S.P. 2234680, 1941) has obtained panto¬ 
thenic acid by condensation of pantoic lactone 
with free ^-alanine. 

Stereochemistry .—Pantothenic acid exists in 
two optically active forms, since the pantoyl 
group bears an asymmetric carbon atom. 
Natural pantothenic acid in the form of a pale 
yellow viscous oil is dextrorotatory [a]^ 4-37*5®. 
The calcium and sodium salts are likewise dextro¬ 
rotatory, with rotatory powers [a]^® f 24*3° and 
Wd +27*04®, respectively. The lactone is 
la3vorotatory [a]^ —49*8®, and yields a strongly 
dextrorotatory amide [a]^® 4*52° and was con¬ 
cluded to have the (/-configuration. 

Synthetic pantoic lactone has been resolved 
using quinine raethohydroxide (Major and 
Finkelstein, J. Amer. Chem. Soc. 1941, 68,1368); 
pantothenic acid has been resolved by the use of 
quinine and cinchonine salts (Stiller et al., ibid. 
1940, 62, 1785; Kuhn and Wieland, Ber. 1940, 
78 [B], 971; ibid. 1941, 74 [B], 218) and by use 
of its quinine raethohydroxide salts (Stiller and 
Wiley, J. Amer. Chem. Soc. 1941, 68, 1237). 
Only the natural form of pantothenic acid is 
physiologically active in organisms so far 
examined. 

Physiological Activity .—^Since pantothenic acid 
is an indispensable constituent of all kinds of 
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organisms, ifc must, in the case of each organism, 
either be synthesised by the organism or 
furnished as a nutrient. In the latter case the 
organism will, under appropriate conditions, give 
a growth response to pantothenic acid. Such 
growth responses have been observed in the case 
of yeasts, various bacteria, moulds, liverworts, 
seedling plants, protozoa, insects, fowls, mice, 
rats, dogs, hogs, and monkeys (Williams, Adv. 
Enzymology, 1943, m, 253). 

The first observations which may be attributed 
to the effects of pantothenic acid were those of 
Wddiers (La cellule, 1901, 18 , 313), who postu¬ 
lated the existence of a hypothetical substance, 
“ bios,” indispensable for the growth of yeast. 
Though the effect observed at that time was 
somewhat mixed, it is clear that pantothenic acid 
was involved, since in some experiments “ bios ” 
was destroyed by mild allvaline treatment and 
biotin is thereby ruled out as the active sub¬ 
stance. 

The first animal experiments in which a panto¬ 
thenic acid effect was involved w^ere probably 
those of R. L. Williams and Waterman (J. Biol. 
Chom. 1928, 78 , 311), wdio discovered “ vilamin- 
J? 3 ,” an unidentified factor essential for pigeons. 
According to present evidence, pantothenic acid 
was the outstanding agent involved (Lee and 
Hogan, Missouri Agric. Exp. Sta. Bes. Bull. 19412, 
342 ; Carter and O’Brien, Biochem. J. 1939, 33 , 
1810). “ Chick dermatitis ” was discovered 
later (Norris and Kingrose, Science, 1930, 71 , 
643; Kline et ah, J. Biol. Chem. 1932, 99, 295). 
This also involves pantothenic acid deficiency 
primarily though in the earlier experiments, at 
least, other deficiencies w'ere superimposed. 

In chicks a deficiency of pantothenic acid 
causes a cessation of growth in which all of the 
tissues become deficient and affected (Snell, 
Pennington, and Williams, ibid, 1940, 133 , 559). 
Spinal-cord lesions as well as thymus involution, 
keratitis, dermatitis, and fatty livers, were 
found to accompany pantothenic acid defficiency 
(Phillips and Engel, J. Nutrition, 1939, 18 , 227). 
Feather depigmentation in black chickens has 
also been observed to accompany pantothenic 
acid deficiency (T. C. Groody and M. E. Groody, 
Science, 1942, 95 , 655). Hens on a pantothenic 
acid-free diet continued to lay eggs but the eggs 
were poor in pantothenic acid and their hatch- 
ability was nearly zero (Gillis, Heuser, and 
Norris, J. Nutrition, 1942, 23 , 153). Increasing 
the content of eggs by feeding pantothenic acid 
can be accomplished (Snell and Quarles, ibid. 
1941, 22 , 483), and such a result increases the 
hatchability of the eggs (Taylor, Thacker, and 
Pennington, Science, 1941, 94 , 542). The panto¬ 
thenic acid requirement of chicks according to 
Jukes is about 1-4 mg. per 100 g. of diet. 

In young rats a deficiency of pantothenic acid 
causes adrenal cortex damage (Daft and Sebrell, 
U.S. Pub. Health Rep. 1939, 54 , 2247; Daft et 
ah, ibid. 1940, 55 , 1333) as a prominent effect. 
A number of the symptoms such as increased 
appetite for salt, “ blood caked whiskers,” may 
be attributed to this damage. Another prominent 
effect is greying of the hair which has been 
experimented with in many laboratories (Wil¬ 
liams, Adv. Enzymology, 1943, in, 263). 
While other factors may cause greying of hair, 


pantothenic acid deficiency regularly has this 
effect in rats—a condition which can be reversed 
hy pantothenic acid administration. In addi¬ 
tion to those conditions already mentioned, 
lucinorrhagcs under the skin (Unna, J. Nutrition, 
1940, 20, 5()5), kidney and heart damage and 
sudden death (Supploe, Bonder, Kahlenberg and 
Babcock, Endocrinology, 1942, 30, 355), thinnevss 
of epif)hyHe/il cartilage of the tibia (Ashburn, 
U.S. Pub. Health Rep. 1940, 55. 13.37) have boon 
attributed to pantothenic acid deficiency. An 
abundant supply of pantothenic acid causes an 
increased litter si/e in rats (Taylor, Pennington, 
and Thacker, J. Nutrition, 1943, 25, 389). 

The daily requirements of pantothenic a(u‘d for 
laboratory rats is 80 /u.g. to 100 /tg. The require¬ 
ment dc^creasoH with age (Unna and Richards, 
ibid. 1942, 23, 545). 

The status of pantothenic' acid as a vitamin for 
mice is complicated by interrelations with 
inosit(4. Greying of hair in mice has been 
observed as a result of deficiency, and under 
proper conditions extensive loss of hair (alopecia) 
can be produced by deficicnej^ of pantothenic 
acid and cured by its administration (Martin, 
Science, 1941,93,422; Woolley, J. Exp. Mod. 
1942, 75, 277). Among the other general symp¬ 
toms and pathological changes resulting from 
pantothenic acid deficiency in mice are 8])inal 
curvature, serous exudate around the eyes, a 
kicking twitch of the hind legs (Sandza and 
Oorccedo, J. Nutrition, 1941, 21, 609), myelin 
degeneration in sciatic nerves and spinal 
cord a(^compan 5 dng paralysis, hyperkeratotic, 
atrophic, and desquamative dermatosis and loss 
of weight in adults (Morris and Lippincott, J. 
Nat. Cancer Inst. 1941, 2, 29). The lack of 
adrenal injury is notable. Increase of litter size 
in mice results from an abundant supply of 
pantothenic acid (Taylor, Pennington, and 
Thacker, J. Nutrition, 1943, 25, 389). The 
pantothenic acid requirement of mice is approxi¬ 
mately 30 /xg. per day. 

Pantothenic acid deficiency in dogs produces 
a different picture (Schaefer, McKibbin, and 
Elvehjem, J. Biol. Chern. 1942, 184 , 321). Sud¬ 
denness of failure is outstanding. Often they 
eat normally up to the day of their death from 
the deficiency. Mottled and fatty livers, 
mottled kidneys, haemorrhagic kidneys, gastritis, 
severe enteritis, and intussusception in the 
pyloric and lower ileum regions were observed 
on autopsy. The adrenal glands were mostly 
normal. The carbohydrate digestion and ab¬ 
sorption in dogs was found to be increased by the 
addition of pantothenic acid to the diet of dogs 
already receiving a good diet (Russell and 
Nasset, J. Nutrition, 1941, 22, 287). The panto¬ 
thenic acid requirement of young puppies is 
estimated to be about 100 gg. per kilo of body 
weight per day. 

For hogs, pantothenic acid deficiency causes 
slow growth of young, rough dry coat, emacia¬ 
tion, loss of hair, congested, hjcmorrhagic, and 
ulcerated areas in the stomach and large intestine 
particularly, and a peculiar lack of co-ordination 
which results in “ goose stepping ” with the hind 
legs (Hughes and Tttner, J. Animal Sci. 1942, 1, 
116). Gastrointestinal symptoms are prominent 
as in dogs. Growing pigs are thought to 
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require about 10 mg. daily for each 100 lb. 
weight. 

Normal human beings excrete something over 
3 mg. of pantothenic acid per day and their 
requirements are estimated to be about 10 mg. 
per day. C'!]ear e.xamplcs of uncomplicated 
pantothenic^ acid deficiency in human beings 
have never been observed or produced. Human 
experiments have indicated that pantothenic 
acid administration may he effective in some 
cases of peripheral neuritis, Korsakoff’s syn¬ 
drome, and delirium tremens (Williams, Adv. 
Knzymology, 1943, iii, 253). Its effects on 
greying of hair in humans has not been ex¬ 
tensively studied and some contradictory results 
have been obtained. 

Pantothenic^ acid deficiency affects all tissues 
and organs; in different animals the results of 
deficiency are manifest in different ways. The 
number of tissues visibly affected including all 
animals is very largo, and it is obvious that wide¬ 
spread disorders may result from its deficiency. 

The fundamental role of pantothenic acid is 
thought, from analogy with other vitamins, to 
involve some enzyme system, the exact nature 
of which has not been clearly elucidated. There 
are strong indications, however, that it may bo 
involved in the aerobic metabolism of pyruvic 
a(‘id (Dorfman, Berkman, and Kosor, J. Biol. 
Ohem. 1942, 144, 393 ; Teague and Williams, 
J. Gen. Physiol. 1942, 25, 777; Hills, Biochem. 
J. 1943, 37, 418). 

Pharmacology. — Administration of panto¬ 
thenic a(;id to normal animals or human beings 
is practically without effect. The lethal dose for 
mice and rats is in terms of grams per kilo of 
body weight. A 10% solution can bo instilled 
into the conjunctival sac or injected into rabbits 
without irritation or inflammation. Monkc^^s 
fed 1 g. per day were unharmed after six months, 
and clogs and cats survived unharmed a similar 
period dosages up to about 2,000 times their 
daily requirement (Unna and Greslin, J. 
Pharmacol. 1941, 73, 85). Human beings failed 
to respond so far as blood pressure, pulse, 
temperature or respiration was concerned when 
100 mg. was injected (Spies et al., J. Amer. 
Med. Assoc. 1940, 116, 523). 

Derivatives and their Specificity. —Among the 
substances structurally related to pantothenic 
acid, the following have the physiological 
activity of panthothenic acid when administered 
to the organisms indicated: hydroxypanto- 
thenic acid—limited activity for micro-organisms 
and rats (Zschiesche and Mitchell, Proc. Soc. 
Exp, Biol. Med. 1940, 45, 565); alkyl panto¬ 
thenates—ineffective for yeast and bacteria but 
fully effective for rats (Griissner, Gatzi-Fichter, 
and Reichstein, Helv. Chim. Acta, 1940, 23, 
1276); ethyl monoacetylpantothenate—ineffec¬ 
tive for micro-organisms but fully effective for 
rats and chicks (Unna and Mushett, Amer. J. 
Physiol. 1942, 1^, 267); pantothonyl alcohol 
—ineffective for micro-organisms but fully 
effective for rats (Pfaltz, Z. Vitaminforsch. 1943, 
18, 236; Amer. Chem. Abstr. 1944, 88, 6339). 
Pantoyltaurino is antagonistic to pantothenic 
acid for micro-organisms, but its effect may be 
overcome by an excess of the vitamin (Snell, 
J. Biol. Chem. 1941, 141, 121). 


Pantoyltaurine, 

CH2(OH)-CMe2*CH(OH)CONHCH2CH2SOaH, 

is a sulphur analogue of pantothenic acid. When 
introduced into the culture media of organisms 
requiring exogenous pantothenic acid, it acts 
antagonistically to pantothenic acid and may 
cause cessation of growth. It is thought to act 
by blocking out the vitamin, and its effec'ts can 
in general be overcome by a high concentration 
of pantothenic acid (Snell, ibid. 1941, 139, 975; 
ibid. 1941, 141, 121); Pantoyltanraynide has a 
similar but less marked inhibitory effect 
(Mcllwain, Biochem. J. 1942, 36, 417). 

R. J. W. 

PAPAIN. This is the name given to the 
proteolytic enzyme which occurs in the latex of 
Carica papaya. Preparations from this source 
may contain two separate, but very similar, 
enzymes, which are sometimes tdrmed papain 
and chymopapain (Bergmann, Zervas, and 
Fruton, J. Biol. Chem. 1936, 115, 593; Berg¬ 
mann, hruton, and Fraenkel-Conrat. ibid. 1937, 
119, 35). Both the enzymes have been obtained 
crystalline by Balls and his colleagues (Science, 
1937, 86, 379; J. Biol. Chem. 1939, 130, 669; 
1941, 137, 459). 

The isoelectric point of papain is pH 9 and 
its molecular weight (from osmotic pressure 
measurements) about 27,000. The type of 
proteolytic activity it displays is similar to that 
of trypsin, and it attacks most proteins, pro¬ 
teoses, and peptones. Its activity can be mea¬ 
sured by milk clotting, h«a)moglobin hydrolysis, 
or by the hydrolysis of hippurylamide (Balls and 
Linewoaver, ibid. 1939, 130, 669). 

H. G. B. 

PAPERMAKING. The term “ Paper ” is 
correctly applied only to sheet materials made 
by felting together the vegetable cellulose fibres 
which are contained in almost all plant materials. 
The first stage of papermaking therefore consists 
in isolating the cellulose fibres from the other 
constituents of the living plant and in purifying 
and bleaching them. In cotton, fine long fibres 
of nearly pure ceUuloso grow on the outside of 
the cotton seed husks and form the simplest 
source of the material from which paper may be 
made. The longer of these fibres which can be 
pulled off free from husk are so easily spun and 
woven into cotton cloth that they are too 
valuable to be used for paper. When however 
the cotton cloth has been used for clothes or 
curtains until worn out the rags are collected 
and make excellent material for fine paper. 
Actually, paper was first made from cotton r^gs 
when the Chinese endeavoured to find something 
cheapef than silk on which to paint their letters. 
They discovered that rags could be pounded 
down to a suspension of short cotton fibres by 
beating the rags in water, and that when the 
water was drained away from a thin layer of 
such a suspension the remaining mat of felted 
fibres when dried held together as quite a strong 
sheet. 

It was soon found that this cohesion of the 
felted fibres to one another w'hen the mat was 
dried was the property of cellulose fibres alone 
and not shared by wool or silk or hairs. 

It is now known that it is not shared by any 
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artificial fibres even when these are composed 
of cellulose. It is a property of every naturally 
occurring cellulose fibre when separated from the 
materials in which it is embedded in the plant, 
though, naturally, due to differences in size, 
shape, and chemical quality of the cellulose, the 
fibres of some plants make much better paper 
than others. 

The cellulose fibres in any plant are distiiu-t 
entities of a length and width approximately 
equal throughout any one plant, though some 
plants show at least two types of fibre. The 
dimensions of these fibres vary enormously from 
one species to another. The fi bres are embedded 
in th(‘ plant in a very undefined material called 
lignin. Associated with this lignin are (carbo¬ 
hydrates, pectins, and small quantities of 
metallic salts, all of which must be substantially 
removed to free the cellulose fibres for paper- 
making. As long as any considerable proportion 
of ligneous material is adhering to the fibre sur¬ 
faces these will not bind together strongly when 
the mat of felted fibres is dried, and no strong 
paper can be made. In order to make paper of 
anything other than cotton rags a method must 
first be devised to free the cellulose fibres from 
the encrusting materials. The first method of 
this kind was invented not for papermaking but 
to obtain fiax fibres for spinning and weaving 
into linen and consists sinqjly in leaving the fiax 
stalks in water until the encrusting materials are 
so softened by rotting thtit they can be scraped 
away from the flax fibres. When papermaking 
spread from the East to Europe, linen was more 
common than the cotton the nfineso used. 
These were received as dirty rags and were 
boiled to remove the dirt; potashes, later wash¬ 
ing soda and then eausti(* soda were used in the 
boil to heljj the cleansing. With the coming of 
steam engines and pressure steam this boiling 
of dirty or coloured rags began to be carried out 
in rotating steam heated boilers under pressure. 
Thus when the demand for paper began to exceed 
the supply of rags there was both the a})paratu8 
and the skill available to enable the effect of a 
caustic boil to be tried on materials other than 
rags. 

Among the materials first used in this way 
were straw and w^ood. With straw, consider¬ 
able success was achieved, since by boiling long 
enough with a sufficiently strong caustic liquor 
all but the cellulose fibres dissolved and could 
be washed away, after which the remaining fibres 
could be bleached. Some quite good samples of 
straw paper nearly 100 years old are still in 
existence. With the steam pressures then avail¬ 
able no success was obtained with wood, but 
since wood is plentiful and easier to transport 
than straw, efforts went on vigorously to find a 
method of getting a pulp of cellulose fibres from 
wood. 

When higher steam pressures became available 
it was found that at 100 lb, per sq. in. wood 
could be boiled to a pulp by caustic soda. This 
soon led to the discovery that spruce wood gave 
better fibres for paper than any otl^ej;. Caustic 
soda is not very cheap and it was discovered that 
it could be replaced by the much cheaper sodium 
sulphate. When the liquor from such a boil is 
concentrated and the residue roasted, sodium 


sulphide is formed. This is dissolved and re-used 
along with some fresh sulphate so that the boil 
is actually carried out in a mixture of sulphide 
and siilphatt^ Many efforts were made to find 
an acid method of pulping wood, and eventually 
it wa.s found that sulphurous add mixed with 
more or less sodium or calcium sulphite would 
dissolve the lignin at high temperatures without 
attacking the ccfilulosc. This was very fortunate, 
since sul})hurous acid is cheaply made by burning 
sulphur or iron pyrites and dissolving the sulphur 
dioxide formed in water. In this way the sul¬ 
phite process, by which most of the paper pulp 
in the world is now made, was develoj)ed. 

Alongside this development of metliods of 
pul])ing wood the search went on for other plants 
which w'ould yield good paper pulps. The out¬ 
standing discovery was the esparto plant, a 
plant growing in clumps of tough grass-like 
shoots some 2 ft. long on the sand dunes of the 
Mediterranc'an coast, particularly in North Africa. 
This boils in caustic more easily than straw to 
give a }>ulp easy to bleach and yielding a paper 
of peculiar ex('ellency for high-grade printing. 
This material was developed rapidly for paper- 
making in the British Isles, particularly in Scot¬ 
land. It could be importeri cheaply as a return 
cargo for boats carr;ying British coal to Italy. 
TIk^ excellence of tliis plant led to the complete 
neglect of straw, which is the only papermaking 
raw’ material whieh grows in sufficient quantity 
in Great Britaiji to make any a})[)reeiable contri¬ 
bution to British ])ap*(‘r needs. Ckmditions were 
thus made very difficult for this country during 
the early days of tlie i;)31)-4r) war, when all 
supplies of esparto and all usual sources of w'ood 
pulp w ere cut off. H owever, before the end of the 
war thepapcrmak(5rsde\'ised methods for jailping 
straw wdiich wimld make it possibh*- to build largo 
atraw'-pulp mills sufficient to (uisuro vital paper 
supplies in any future emergoiuy, and also to 
satisfy as much of the nation’s needs as possible 
from home-grown material. 

A brief description follows of the four main 
processes of producing pulp for papermaking 
referred to above; 

1. The preparation of rag pulp from rags. 

2. The preparation of esparto and straw pulp 

by boiling in caustic. 

3. The sulphate wood-pulp process. 

4. The sulphite wood-pulp process. 

The Preparation of Rag Pulp. 

Although rag merchants sort into grades the 
rags they sell this ia not done carefully enough 
for fine-paper manufacturers, and the first step 
in the process is to sort the rags, removing but¬ 
tons and any metal pieces, elastic or anything 
containing rubber, and all pieces of silk or wool 
or of any artificial fibre, if the best papers are to 
be made. For lower grades, pieces containing 
cotton or linen with a percentage of artificial 
fibre are sometimes used but the artificial fibres 
contribute nothing to the paper strength and 
are in fact merely loading material. After sort¬ 
ing, the rags are cut in a rotary cutter into pieces 
2 or 3 ins. square. In some mills this is still done 
by hand either wholly or in part during the sort¬ 
ing process. After cutting, the rags are dusted 
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by passing down a rotating cylinder covered with 
a wire gauze through which the dust falls. After 
dusting, the rags are boUod in slowly rotating 
spherical or cylindri(!al steel boilers capable of 
holding from 1 to 3 tons of rags. The boiling 
liquor is always alkaline, being either caustic 
soda, sodium carbonate, lime, or lime and sodium 
carbonate mixed. Occasionjilly, a little sodium 
silicate or clay is also added to help to remove 
grease, and, recently, emulsifying agents have 



Ix'on used. The ratio of water to rags varies 
from 3:1 to 4:1 and the ratio of alkali to rags 
varies enormously from 1% to about 15% 
according to the amount of dirt, colour, or sizing 
matcrialH which have to be removed. The .steam 
pressure used varies from 5 lb. up to about 50 lb. 
per sq. in. and the time of boiling from 2 to 14 
iiours. 

This boiling produces no important chemical 
or physical change in the cotton or linen fibres 
of which the rags are made but is designed merely 



Fig. 2.—Cylindrical Rag-Boiler. 


to loosen or dissolve any noncellulosic materials 
present. 

After boiling, the liquor is drained off and in 
some cases the alkali is recovered. The rags are 
rinsed in the boiler, sometimes with hot water, 
and from the bottom upwards to float and wash 
away melted grease. The rags, which are still 
in the piece, are strained and let out of the boiler 
into boxes for removal to the next stage, which 
is breaking-in and washing. Those processes are 
carried out simultaneously in a rectangular 
trough-shaped vessel in which the rags are placed 


with about 20 times their weight of water and 
propelled by a roll bearing bars and dipping half 
into the trough and rotating a short distance 
above a bedplate with similar bars. 

The squeezing and bruising of the rag pieces 
between the bars on the roll and bedplate as 
they are moved round the trough by the rotating 
roll slowly disintegrates the pieces into threads 
and finally into the fibres from which the threads • 
were spun, at the same time loosening any dirt 
w hich was enmeshed in the rag structure. While 
this breaking-in procqss is going on, a stream of 
clean water is run continuously into the trough 
and removed by a cylindrical rotating drum 
covered with a wire gauze covering and fitted 
inside with scoops which remove the water 
through the axle on which the drum rotates. 
In this w^ay a pulp of clean freely dispersed 
cotton or hnon fibres is y)roduced. This has then 
to be bleached white if it is to be used for fine 
papers. 

The Preparation of Esparto and Straw 
Pulps. 

l^or pulping these materials caustic soda is 
the only alkali used, except when making cheaj) 
straw-board, when lime is often used. The pro- 
ce.ss is not mainly a cleaning process, as with rags, 
but is a chemical disintegration of the whole 
structure of the esparto or straw stalks by dis¬ 
solving out tlie material, mainly lignin, in whicli 
llic cellulo.se librc.s of the plant arc embedded, so 
setting the cellulose fibre.s free. The ratio of 
liquor to o.sparto or straw is usually 3jl:l to 4:1, 
as with rags, but tlie ratio of caustic to fibre is 
more, being 12 -1.'>% for esparto and 18-25% for 
straw’. The time of boiling is about 5 hours at 
45 lb. pc'F sq. in. for esj^atiio and 7-8 hours at 
75-80 lb. per sq. in. for straw^ The yield of 
cellulose fibres left uiulisHolved at the end of the 
boil is 42-45% for esparto and about 33% for 
straw'. 

The facts that straw' needs more caustic and 
gives a considerably lower yield than esparto, 
while the steam pre.ssure and time taken arci 
both higher explain wdiy straw' is not u.sod as 
long as esparto is available. 

The caustic soda used is too expensive to be 
allow'od to run to waste. It is drained away as 
completely as possible and the pulp in the boiler 
washed once with water. The caustic liquor, 
usually know’n as “ black liquor,” due to its very 
dark colour, and the first wash water are con¬ 
centrated to a thick treacle-like consistency, 
w'hen it can be dried continuously in a rotating 
cylindrical roaster by the heat of combustion of 
previously dried black liquor. This roaster is 
slightly inclined ; the concentmted black liquor 
enters at the upper end w here the hot gases are 
drawn off to a chimney and almost completely 
incinerated soda ash falls out at the lower end. 
This is allowed to fall into a tank of w ater, where 
it yields a solution of sodium carbonate and n 
precipitate of carlwn black, which can be filtered 
out. The sodium carbonate is recausticisod 
with lime, and the caustic liquor re-used. The 
precipitated calcium carbonate is filtered off, 
washed free from alkali and used for liming 
agricultural land. With esparto, some 30-86% 
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of the caustic used may be recovered by these 
means, but straw pulp is so much harder to drain 
and wash that in most cases 45-50% is all that 
can be recovered. This is another reason w'hy 
esparto is preferred to straw, and if straw is ever 
to be pulped on a large scale in this country a 
means of greatly improving the low soda recovery 
will have to be found. 

The boilers in which esparto or straw arc boiled 
are cylindrical steel vessels 10-14 ft. high and 
9-10 ft. in diameter. They are fitted with a per¬ 
forated steel drainer plate placed just where the 
cylinder begins to bend inwards to form the 
bottom. There are either several vomit pipes 
fitted just inside the boiler wall to allow the 
steam which is let in at the centre of the bottom 



of the cylinder to circulate the liquor during the 
boil, or this circulation may be effected by the 
use of an outside pipe leading from the bottom 
of the cylinder through a centrifugal pump into 
a distributing pipe inside the upper end of 
the cylinder. The boiler is fitted with a large 
circular lid in the top which is removed for filling 
the boiler and then screwed on before the bod 
starts. The lid has a steam cock through which 
the air is expelled when the boil starts. In 
boilers with vomit pipes, and no external cir¬ 
culation to ensure sufficient difference of pressure 
between the top and the bottom to promote the 
desired circulation, the lid is usually allowed to 
let out a little steam during the bod. 

When the boil is over, and the black liquor and 
a first wash have been drained away to soda 


I recovery, a hole in the middle of the bottom 
drainer plate is uncovered and the whole contents 
of the boiler blown through by a stream of high- 
pressure water, delivered through an iron pipe 
and nozzle suspended through the lid of the 
boiler. The hole is connected with a pipe passing 
through a centrifugal pump, and on to potchers, 
in which final washing and bleaching take place. 

A few mdls have a slightly more modern type 
of boiler which has a tapering conical bottom 
end; it is lined inside with a perforated plate a 
few^ inches from this tapering wall. The taper¬ 
ing perforated plate and the outer w'all both end 
in a- fairly large vent hole tightly closed while 
the boil is in jwogress. Circulation takes place 
through the perforated plate, liquor being with¬ 
drawn from the space between it and the outer 
wall and pumped up to the top of the boiler. 
In a boiler of this type the cover over the vent 
hole is removed wdien the boil is over before the 
pressure is jiltogether reduced, and pulp and 
liquor arc blowni out of the boiler very quickly. 
This system allows of a much quicker cycle of 
operations, and ensures more boils per boiler x>cr 
week. 

The pulp from the boiler needs straining to 
remove incompletely disintegrated portions, and 
to be i)asHed over sandtables to remove odd 
ihcces of stone or other (ontrarios which may 
have contaminated the original raw' material. 
This is sometimes done before, sometimes after 
bleaching, and occasionally both before and 
after this operati<m. In any case the pulp must 
be w'ashed free from alkali and the dark stain 
})roduced in the boil; the bleaching is always 
done by simply adding ordinary bleaching 
pow'dor solution and warming, the pulp being 
W'ashed again to remove the products of bleach 
action. The washed, bleached, strained pulp is 
then concentrated to about 25% solids content 
and is then ready for the beaters. 

The Sulphate Process for Wood Pulps. 

This process is used only on wood, which is 
almost always of the coniferous type. vSince the 
boiling liquid is alkaline, it dissolves out the 
resins and fatty acids, so that very resinous 
woods can be successfully pulped. The acid sul¬ 
phite process does not remove the wood resins 
and if the wood pulped contains much resin this 
remains in the pulp and causes great incon¬ 
venience in subsequent papermaking. Thus it 
it is that, though some spruce is used in the sul¬ 
phate process, this is mostly left for the sulpli ito 
process, and highly resinous woods like Jack Pine 
and Yellow Pino are treated by the former 
process. 

The sulphate process is cheaper than the soda, 
process, which is not now used for pulping the 
long-fibred coniferous wood ; this needs so much 
alkali for pulping that, using caustic alone, the 
cellulose is attacked while the lignin is being 
dissolved and a rather weak pulp results. 

In the sulphate process the only make-up 
material is sodium sulphate. Some caustic 
must be mixed with it to get the process started 
but thereafter when the liquor is dried down to 
black ash and the black ash smelted the carbon 
set free from the organic materials reduces some 
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of the sulphate to sulphide, and also loaves all 
the sodium, which in the black liquor was com¬ 
bined with organic material, dissolved out of the 
wood as sodium carbonate. When the smelted 
black ash is dissolved in water the content of 
carbonate is determined and lime added to 
recausticise it. When the precipitated calcium 
carbonate has been filtered off a white liquor 
containing a mixture of caustic soda, sodium 
sulphide, and some sodium sulphate is left with 
which to continue the boils. By continually 
adding the necessary quantity of sodium sul¬ 
phate to make up the unavoidable losses in the 
process the composition of the white liquor is 
kept substantially constant, some sodium car¬ 
bonate being produced and recausticised each 
round. 

This mixed solution is milder in its action on 
wood than caustic soda. The dissolving out of 
the lignin is never taken to completion and the 
pulps so produced are very difficult to bleach, 
it being impossible to make them white by 
bleach solution alone, however much is used. 
They give, however, very strong papers and 
have therefore earned the name of “ Kraft ” 
pulps (from the Swedish word for “ strong ”). 
Most wrapping papers are made from such pulps, 
and since these are acceptable in a brown colour 
their preparation from unbleachable material is 
no disadvantage. By using a two or throe stage 
bleaching process, one stage being a chlorina¬ 
tion, white pulps can be obtained without loss 
of strength. 

The sulphate process is carried out in upright 
iron boilers similar to those used for esparto but 
usually larger, taking up to 10 tons, and 
generally with external forced circulation. The 
pressure used is higher than that needed for 
esparto, being usually 100-130 lb. per sq. in. 
The logs used are first barked and then chopped 
up into chips about three-quarters of an inch 
long. The time of boil is usually about 4 hours 
of which 1^ hours is occupied by steaming the 
wood and rising gradually to the maximum 
temperature and pressure, but the time varies 
considerably from mill to mill. 

The Sulphite Process. 

Many attempts have been made from time to 
time to pulp wood by means of acids, but the only 
really successful commercial acid process is the 
one using sulphurous acid; this was discovered 
and patented by B. C. and R. Tilghman of 
America and made a commercial success by the 
Swedish chemist C. D. Ekman. 

At a moderately high temperature and pres¬ 
sure sulphurous acid will combine with the 
lignin in wood to produce a water soluble sul- 
phonio acid derivative without appreciably in 
any way affecting the cellulose fibres. While 
sulphurous acid alone will pulp wood the volume 
of solution needed is inconveniently large. For 
this reason solutions of metallic bisulphites con¬ 
taining excess of sulphur dioxide are always 
used. Although sodium bisulphite can be, and 
occasionally is, used, calcium or magnesium bi¬ 
sulphites on the score of cheapness are the salts 
almost univensally employed. 

The sulphur dioxide is made by burning either 


sulphur or iron pyrites in specially designed 
funiaces, care being taken to conduct the burn¬ 
ing carefully at as low a temperature as possible 
to minimise the production of sulphur trioxide. 
The gas formed is cooled as rapidly as possible 
to below the temperature at which it will com¬ 
bine with oxygon to produce sulphur trioxide. 
The cooled gas is then led up towers containing 
limestone over which water is allowed to trickle. 
The sulphurous acid formed in the water dis¬ 
solves the limestone to give, when enough sul¬ 
phur dioxide has passed, a solution of calcium 
and magnesium bisulphite containing excess of 
sulphur dioxide. Since, during the boil, a good 
deal of sulphur dioxide is given off, the acid 
liquor is not taken to full strength in the towers 
but is treated with sulphur dioxide obtained 
from the boilers to bring it finally to the desired 
strength, and also to recover the sulphur dioxide 
given off. The acid liquor shows considerable 
variation. In particular the ratio of calcium to 
magnesium will vary according to the limestone 
used. In general the liquor has a total sulphur 
dioxide content of 2'8-3'0% of which 0-9-]-2% 
will bo combined as acid sulphite, the rest being 
free in solution. 

Sulphite boils are carried out on wood chips 
from barked logs, as in the sulphate process. 
The digesters are larger, holding 12-18 tons; 
they are tall steel cylindrical shells tapered at 
both ends and lined inside mth acid resisting 
bricks set in acid resistant cement. 

There are two main methods of cooking: 
(i) The Ritter-Kellner, in which rapid heating 
is obtained by blowing live steam directly into 
the boiler. The boil is for 8-10 hours at about 
lIO-lIS^c. though sometimes 155-160°c. is 
used, (ii) The Mitscherlich indirect heating 
method. Here the steam passes through copper 
or lead coils in the boiler; the heating is slower 
and less intense, usually only reaching 125°- 
135°c. This moans a much longer boiling-tirne 
of from 20-30 hours or even more. This differ¬ 
ence in boiling procedure makes a very appreci¬ 
able difference in the papermaking quality of the 
pulp produced. The fast high temperature boils 
yield pulps which are weaker and harder to wet 
up in the beater. The long low temperature 
boils yield strong easily wetted pulps. 

THE CONVERSION OF PULP TO 
PAPER. 

For the preparation of fine papers the cellu¬ 
lose fibre-pulp, prepared by one or other of the 
above methods, is bleached to a good white 
colour. For wTapping papers, or papers for 
many industrial purposes, such as resin im¬ 
pregnation, this step can be dispensed with, but 
for all printing, drawing, writing, cheque, ledger, 
or map and chart papers, a good white colour is 
essential. 

For rag, straw, and esparto pulps, direct single- 
stage bleaching with ordinary bleaching powder 
solution is almost always employed. In the 
wood-pulp mills, however, especially when a 
strong white pulp is aimed at, the bleaching is 
done in several stages, one of which is a chlorina¬ 
tion with gaseous chlorine or acidified bleach 
followed by an alkaline wash to remove the 
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alkali soluble chlorinated-lignin compounds 
produced. 

The difficulty is to remove the colouring 
matters without attacking the cellulose. Neutral 
bleach oxidises cellulose very quickly, so that 
either acid or alkaline bleach or chlorine water 
must be used. Alkaline bleach has oxidising 
properties and if used in sufficient quantity and 
at a sufficient concentration will bleach most 
(‘olouring matters white, but if any of the harder- 
to-bleach colouring matters are present con¬ 
siderable attack on the cellulose will take place 
(luring the process. Acid bleach or chlorine 
water chlorinate the lignin or (!olcuring matter, 
and the product is often insoluble in water, or 
itself coloured. Such compounds usually dis¬ 
solve in caustic or in sodium sulphite solution. 
Acid bleach or chlorine does not attack cellulose 
so by using them and then extracting the 
chlorinated compounds with caustic or sodium 
sulphite much of the lignin and colouring matter 
can bo removed without attacking the (‘ellulosc. 
With some materials like esparto and straw this 
process of chlorination and alkaline wash can he 
employed after a very mild caustic boil which 
leaves most of the lignin still present. This is 
the basis of the well-known Pomilio straw'- 
pulping method. The straw is chopped, dusted, 
and then given a very mild caustic boil. It is 
then washed, pressed fairly dry, and broken up 
and subsecjucntly treated with chlorine gas; this 
chlorinates the lignin, liberating heat and 
hydrochloric acid. Since the pulp is only damp 
with water, the acid solution becomes concen¬ 
trated and it is difficult to control the chlorina¬ 
tion so that no damage is done to the cellulose 
fibres. 

After an alkaline wash and a mild alkaline ! 
bleach treatment a white pulp results. With I 
Avood the preliminary boil cannot be cut down j 
nearly as far as with straw but, nevertheless, if 
the boil is cut down so far as to leave a pulp 
unbleachable by a single-stage direct bleach- 
procc-ss, the strong pulp so produced can be 
bleached white, without loss of strength, by a 
process consisting of chlorination, alkaline wash, 
and then direct bleaching. 

After bleaching and washing it is best to pass 
the pulp directly over to the preparatory plant 
to make it ready for the papermaking machine. 
With rags, esparto, and straw this is always 
done; the paper mills using these raw materials 
have their own pulp-producing plant, but, since 
wood is not usually obtainable in large quantity 
in places where it is convenient to make paper, 
wood-pulp mills normally dry off most of their 
pulp in board form for export to paper mills, 
often hundreds of miles away. The effect of 
this drying out on the papermaking quality of 
the pulp is such that for some purposes it is 
preferable to pay the carriage on a large per¬ 
centage of moisture rather than allow the 
change to take place. The fibres lose strength 
and flexibility when dried and it needs prolonged 
and careful after-treatment in water to bring 
them back approximately to their original con¬ 
dition. It is one of the great handicaps to paper- 
making in this country that we produce no wood 
suitable for pulping and that all our wood pulp 
has to be import^d^jnostly in the dry condition. 


The pulp now ready to be prepared for paper¬ 
making is treated in apparatus knowm as 
breakers and beaters, or, in some modem mills, 
refiners. I'ho breaker-beater combination was 
developed in rag-paper mills a long time ago. 
The boiled and washed rag i)ieccs must be 
broken up before they can bo finally washed and 
bleached. This process has been described in 
the rag-boiling section above. After breaking 
u]> into the fibres from which the rags were 
initially spun, and bleaching and thorough w'avsh- 
ing, f.ho j)u]}) is let down into the beater. This 
also, like the breaker, is an oval shaped trough 
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with a roll and bed plate both carrying iron or 
bronze bars. As the roll is revolved the pulp is 
dr»awn betwTen the bars on the roll and on the 
bed plate and is Hfjneczod, crushed, and x^artly 
cut or broken up. As the pulp goes around the 
oval trough, each time it goes under the roll the 
fibres arc cut and crushed until they are as the 
papermaker requires them for his purpose. As 
the fibres become shorter they will fit together 
into a closer denser sheet but, apart altogether 
from the sliortcuiing, the crushing, and squeezing 
alters the fibre surface. This consists partly in 



the freeing of very fine fibrilla? which stand out 
from the fibre surface but, in addition, the 
colloidal nature of the fibre surface-layers is 
altered and becomes swollen and gelatinous. 
When the sheet of paper is formed from such 
fibres where such gelatinous surfaces are dried 
in contact with one another, a strong bond is 
formed between them, probably by some form 
of cross linkage between them in which the 
hydroxyl groups of adjacent fibres take part and 
possibly also a molecule of water. These bonds 
are quite strong as long as the sheet is dry but, 
on wetting, water enters and frees the fibres from 
each other. The more mechanical treatment 
applied to the pulp the more of these bonds are 
formed and the stronger they are, provided that 
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in producing the Required colloidal change the 
fibres are not too -much cut up. The change 
which is produced in this way by beating also 
slows up the rate at whi(;h the pulp loses water 
when drained on a wire mesh, as on a paper 
machine, so that a much beaten pulp must be 
run slower along the wire on the machine, or 
else it comes off the wire wetter than a less 
beaten i')ulp. Thus the papermaker speaks of 
wet'beaten pulp, and describes the change pro¬ 
duced by beating as w'ctncss. 

As may easily be imagined, different fibres 
react to this beating treatment ver 3 ^ differently. 
ISomo are brittle and break up quickly with little 
colloidal change and make close, weak papers. 
Some iDroduco the colloidal change rapidly with 
very little shortening of the fibres and, like linen, 
make strong translucent papers. The reaction 
of the fibre to beating can be greatly modified by 
the extent to which it has been boiled and 
bleached, and the art of papormaldng consists 
ill a proper application of that knowdedge to 
produce the end result desired. The most im¬ 
portant part of papermaking is wdiat is done to 
tlie pulp in the beater. 

It will jierhaps be realised how that with all 
the variation in fibre length, degree of fibrillation, 
and colloidal change of fibre surface which a 
papermaker can produce by altering the treat¬ 
ment ho gives the Jiulp in the beating operation, 
and with these effects varying greatly’ wdth both 
the nature of the boiling and bleaching treat¬ 
ment of the pulp being used, how impossible it 
is to give any precise description of the paper¬ 
making process. It is still mainly' a craft learned 
by long exjiericnce and which cannot yet be 
reduced to precise terms. 

While the beating process is taking place the 
j)ulp is coloured as desired by the addition of 
dyes or pigments. Also in the beater arc added 
loading materials which it is desired the paper 
should contain, like clay w'hich alters the feel 
and the smoothness of the sheet, or titanium 
dioxide which whitens the sheet and greatly in¬ 
creases its opacity. Some part of such additions 
arc lost with the water which drains away w^hen 
the sheet is made on the wire of the paper 
machine, and the percentage retention of such 
loadings is a figure to wliich papermakors pay 
considerable attention. 

If the ])aper it is desired to make is required 
to take ink writing, it has to be made non¬ 
absorbent. This is done by a process known as 
sizing. A very wet beaten pulp makes a paper 
like greaseproof which, without any added sizing 
material, is naturally nonabsorbent and can be 
written on, though the ink sinks in too much for 
it to be a really pleasing writing surface. 

The old time way of making the hand-made 
absorbent sheets fit to take ink waiting was to 
dip them into a bath of gelatin solution and then 
hang them up in the air to dry. The film of 
gelatin formed in the surfaces of the sheet in this 
way resists ink and makes a good writing surface. 
The gelatin film has the added advantage of very 
considerably strengthening the jmper and making 
it much harder to rub up the surface. This old 
process has therefore persisted, and is likely to 
persist for a very long time> since it is the ideal 
way of making strong durable paper for ledgers 


and other similar purposes. It is, however, ex¬ 
pensive, due to the high price of gelatin, and also 
because it involves an additional process for the 
paper after it leaves the papermaking machines. 

It was necessary, therefore, to find some process 
for making the paper so that it would be able to 
carry ink by the addition of some water-repellant 
material to the pulp in the beaters. Probably 
the use by shipbuilders of rosin led to this 
material being tried. It was found that when 
partly saponified by alkali, rosin can be emulsified 
to a very finely divided, nearly wliite, emulsion 
in which form it can be readily mixed uniformly 
with the pulp in a beater. To prevent loss of 
rosin in the water draining away from the pulp 
on the wire of the paper machine, the idea was 
to precipitate it with some acid material. The 
easiest and cheapest acid material to use was 
alum, and this was found to work wonderfully 
well and was adopted universally paper- 
makers everywhere long before anyone had any 
adequate idea as to how it worked. Many efforts 
have been made to find substitutes for the rosin 
and alum combination without increasing the 
cost, but so far without any success. The rosin 
may be completely saponified and thus be added 
to the pulp as a solution, as in the Delthirna 
method; it may be emulsified with only a trace 
of caustic in the presence of a protective colloid, 
as in tho Bewoid process and added to the pulp 
as a fine emulsion ; or it may be any mixture of 
these two extremes and the end result of the 
addition will bo the same, provided alum is 
added until a sufficiontlj^ acid pH is obtained in 
the pulp mixture. No other acid substance will 
produce the same ink resistance in the paper as 
alum, with the possible exception of thorium 
sul{)hate, which is moderately eflective. The 
alum, together with siidi alkalinity as is present 
in tho rosin size or in the water, produces a 
precipitate which contains the rosin, alumina, 
and basic aluminium sulphate. This comes 
down as a very fine precipitate and at a pH 
between 4 and (> adheres to the surfaces of the 
cellulose fibres. When dry, this fine precipitate 
is highly water repellant and prevents water 
being drawn between the fibres of the paper 
sheet by capillary attraction. 

Kosin precipitated by acid does not come down 
in nearly so finely, divided a form, and is not 
attracted to the fibre surfaces as is the alum 
complex, and hence does not size effectively. 
With the pulp then beaten as desired, coloured, 
loaded, if that is wanted, and sized if a suitable 
writing paper is required, it is then necessary to 
get it felted into a uniform sheet or web of the 
desired thickness and size, and then dried. This 
was done originally with a hand mould. A 
wooden rectangular frame, the area of the sheet 
desired, was covered with a layer of thin reed 
stalks laid parallel and close together, reaching 
from end to end of the frame. These reeds were 
supported every inch or so along their length by 
being tied to each other by cotton threads reach¬ 
ing from one side of the frame to the other. The 
frame so covered was then fitted with a remove- 
able rim from 0*25-0-5 in. high. 

This frame with the rim in place was then 
dipped into a tub of the prepared pulp and care¬ 
fully lifted out horizontally. The water from the 
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pulp kept on the web by the rim drains through 
the reeds leaving a mat of fibres on the frame. 
Whde this draining is taking place the frame is 
shaken slightly to help to felt the fibres. When 
the draining stops the rim is lifted off and the 
frame and mat of fibres laid down, or “ couched ” 
as the papermaker says, on to a wot felt slightly 
bigger than the frame. It is placed upside down 
so that the mat of fibres comes against the wet 
felt. It is then possible to lift off the frame and 
leave the mat of fibres on the felt. This mat is 
then covered with another wet felt and the pro¬ 
cess repeated until a pile of sheets is accumulated. 
This pile is then transferred to a press and as 
much water as possible pressed out. It is then 
found that the moist sheets left are strong 
enough to bo lifted oil' the felts and placed on 
racks or hung up to dry. For centuries, paper 
was made by this laborious process sheet by 
sheet, and hand-made jjaper made by this 
ancient craft is still made and sold profitably by 
one or tw^o small English firms. ^Vire8 were sub¬ 
stituted for reeds at an early date, and wire 
gauze for papers where the lines produced in the 
sheets by the parallel wires were not desired. 

The modern papormaking machine has merely 
mechanised and made continuous this ancient 
method without altering its essential nature. 
The highly dilute fibre suspension runs out onto 
an endless belt of wire gauze which moves 
steadily forward. An endless belt of rubber, 
about 2 in. square in cross-section, runs along 
each edge of the moving wire and performs the 
same function as the rim of the hand mould. 

This endless wire belt runs on metal rollers 
which help to draw water thi’ough the wire to 
drain the w'eb. Near the far end of the wire it 
runs over boxes from which a pump withdraws 
water. At the place where the wire runs roimd 
a roUer to begin its return journey, a felt covered 
heavy roll, known as a couch roll, presses the 
web heavily between itself and the roller carry¬ 
ing the wii-e, and this pressure further dew^aters 
and consolidates the sheet, so that it is possible 
to make it bridge a gap of an inch or two off from 
the wire to a felt moving forward to pass two 
press rolls the top one of which is usually granite 
which further dewater and consolidate the sheet. 

Modem paper machines have several (up to I 
four) presses of tliis kind. In the first press the 
topside of the paper is directly against the roller, 
the wire side having the felt between it and the 
other roller. This tends to produce a certain 
difference in the formation of the two surfaces. 
Thus when very even-sided paper is desired, and 
several presses are available, it is found best to 
run through some of them in such a way that 
the other side of the paper is on the felt. 

After sufficient pressing, the web passes to 
drying cylinders. These are large steel cylinders 
heated by low-pressure steam. These are a little 
wider than the widest web the machine is 
designed to make and vary in diameter according 
to the size of the machine. They are usually 
arranged in two rows, the upper row being 
placed over the spaces between the cylinders in 
the lower row. The paper passes round the 
cylinder and is pressed against the hot metal 
surface by a dry felt. It then passes to the next 
cylinder in the other row and thus going over 
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the top of the cylinders in the top row and under 
the bottom of the cylinders in the bottom row 
alternately, it comes at last to the end of the row, 
when it should bo dry. In all modern machines 
it is smoothed by passing between stacks of 
calendar rolls before it is linally reeled up. 

The earliest machines built about 100 years 
ago ran very slowly and had only three or four 
cylinders. A few machines are still running in 
this country with only six cylinders, but because 
of the demand for ffxster running and because 
slow drying at a low temperature makes the best 
I)apor, the number of cylinders tends to be in¬ 
creased every time a new machine is built. 

A few paper madiines are built with only one 
very large drying cylinder, 'fliis is run without 
a felt, and the wet web from the presses is 
pressed by rollers closely onto the hot cylinder 
surface to which it sticks until it is dry, when it 
comes away easily with a highly glazed surface 
on the side which was against the cylinder. In 
this drying medhod the paper is unable to shrink 
at all during drying and this gives to such a 
paper a greater stability against changes in 
dimensions in atmospheres of varying humidity 
than are possessed by papers dried in the. usual 
manner. 

There is another process for making paper 
continuously which although it is never used for 
fine papers is essential for cardboard and box 
liners and boards of various kinds. This is the 
vat machine in which the dilute pulp suspension 
Hows into a largo vat containing a partly sub¬ 
merged rotating gauze-covered hollow cylinder 
roll. Water Hows into this (lylindor and is 
removed by suction, leaving a web of fibres on 
the wire which is lifted out of the vat as the 
cylinder revolves. After j)assing a suction box 
inside the upper portion of the cylinder to 
further dewater the web, and a couch roll to 
consolidate it, the web is removed from the 
cylinder wdre. In a vat machine a battery of 
such vats are operated together and the thin 
weljs from each pass together through presses 
and over drying cylinders so that a thick board 
results. It is easy with such a machine to make 
the centre of the board of rough cheap material 
and the surface layers of good quality white or 
coloured paper. On these machines boards can 
be made so thick that they cannot be rolled up 
when dry but must be cut into sheets at the end 
of the machine. 

A development from the success of the multi- 
I)ly boards made on these vat machines w'as to 
provide two or even three wire sheet-forming 
sections like those on any ordinary papermaking 
machine and feeding the sheets made from these 
wires together through the same presses and 
drying them together on the same drying 
cylinders to make duplex or triplex papers. 
Since the endless wire of a paper machine is a 
large and complicated affair, the fitting of two 
such wires where the reels are to be fed to the 
same presses is a very difficult matter. It 
necessitates one w'ire being on a floor above the 
other one, and for three wires three floors are 
needed. Tlje particular advantages which 
justify the expense of such a complicated set-up 
are firstly the fact that a good printer always 
detects the difference in surface of the two sides 


of a single sheet. However fine the mesh of the 
wire is, and however carefully the subsequent 
wot pressing and calendaring is carried out, the 
wire side always has a slightly different surface 
from the topside. If the two wires of a duplex 
machine are properly arranged so that the wire 
on the lower floor runs the opposite way to that 
on the top floor, the web from the bottom wire 
can be turned over as it is led up to meet the 
web from the top wire, so that the two wire sides 
come together in the middle of the duplex sheet 
and the finished sheet is identical on the two 
sides. The same result can be achieved on a 
triplex machine and in addition the centre por¬ 
tion need not be of the same quality as the 
outsides. 

The second advantage of duplex and triplex 
machines is due to the fact that if pulp is beaten 
wet 80 as to get the maximum strength in the 
finished paper it is hard to get the water away 
on the wire in order to make a heavy sheet. 
Consequently when thick single sheets are 
required, less beating can be given and the 
strength is muc*h less than it might be. Ob¬ 
viously, if three sheets are to be united the pulp 
for each sheet can be beaten much more than 
w^ould bo possible in making a single sheet of the 
same substance. Thus the strongest heavy 
X)apcr8 are made on multi-wire machines. 

When the paper leaves the jjaper machine it 
is often far from being ready for use as it is 
often not possible with the calendar rolls at the 
j end of the paper machine to make the surface as 
smooth as is desired. In that case the next 
process is super calendaring. In this process the 
paper passes through a stack of heavy rollers 
one above the other. The paper passes over the 
top roll, between the top and second roll, half 
round the second roll, between the second and 
third rolls and so on, right down the stack of 
perhaps as many as ten rolls. Obviously, the 
pressure exerted on the paper increases at each 
nip till the last one is reached. These rolls may 
be all steel or some may be steel and some coated 
with a deep layer of compressed cotton, or all 
the rolls may be cotton covered. Extra weights 
may be hung on the rolls to increase the pressure 
beyond that caused by their own weight. In 
this w^ay the paper is compressed and surface 
irregularities smoothed out until a surface of the 
desired smoothness is reached. 

Another defect in paper directly off the paper 
machine is that it is always too dry. At the 
relative humidity of about 65-70%, which is 
about the average for Great Britain, cellulose oi 
paper normally absorbs about 7% of moisture. 
Because drying is never oven over the whole 
width of a reel in even the best of paper machines, 
attempts to bring the paper off’ with an average 
of 7% of moisture result in the moisture content 
being uneven. To lessen this unevenness the 
paper is overdried to 3 or 4% moisture. Then 
in a normal atmosphere it rapidly picks up 
moisture to about 7% at all the surfaces to 
which the moist air has access and the paper 
expands appreciably. Thus if paper at 3% 
moisture content is cut into sheets and rapidly 
stacked in piles the edges will absorb moisture 
and expand but the middle of the sheets will 
remain dry. This causes the edges to cockle 
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badly. Thus the overdrying of the paper 
necessitates a subsequent careful humidification 
to about 7% moisture content before it is cut 
into sheets and stacked or bound into ream 
packets. This is done by passing the paper 
slowly over a long series of spar drums rotating 
in a damp atmosphere until it has absorbed the 
required amount of moisture. This procedure 
ensures an even distribution of moisture 
throughout the web, since no part will pi(h up 
from a damp atmosphere more moisture than the 
equilibrium content at that relative humidity. 
The process of slow humidification has another 
great advantage. The drying on the hot cylinders 
of the paper machine puts considerable strains 
into the paper which are not relieved under the 
tension of tho paper machine or when tightly 
reeled up. During the slow passage down the 
humidifier, however, these strains can be 
relieved and when the pa^jer is cut it will be flat 
instead of curling up at the edges, or even rolling 
up into a tube as unhumidified paper does 
sometimes. 

After humidification the paper is cut into 
sheets by unrolling the web off the reel onto a 
flat surface on which vertical circular knifes run, 
spaced apart, so that the web is cut into strips 
having as their width one of the dimensions of 
the desired sheets. Those strips then pass under 
straight knife edges set on a rotating (‘ylinder so 
that they come down and chop off pieces of the 
strips having a length equal to the other dimen¬ 
sion of the required sheets. The sheets are then 
collected into piles. 

It is not possible by this rapid continuous 
cutting from the reel into sheets to get veiy 
exact dimensions in the sheets. If shof^ts of 
very exact size are required they are out into 
somewhat bigger sheets by the method described 
above, and then the pile so produced is trimmed 
down to the exact size wanted b}’' a very care¬ 
fully made instrument called a guillotine. This 
machine has a flat table, on which the pile of 
sheets is placed, and three accurately squared 
straight edges which can be adjusted to any 
desired distance apart. The fourth edge of the 
rectangle is occupied by a rigid knife edge which 
can be adjusted accurately to any desired 
distance from the back straight edge. By push¬ 
ing the pile of sheets against the back straight 
edge, setting the knife to tho right distance and 
then letting it be forced down to trim the edge 
under the knife, and repeating the operation till 
all four sides are trimmed, a pile of sheets all of 
exactly the size required can be obtained. 

Naturally, only fine paper requires such an 
accurate size as to justify the cost of the guillo¬ 
tine treatment, but oven after this treatment the 
paper is not ready to send out. It is impossible 
in papermaking to prevent occasional creases 
and tears occurring in the web and even the 
greatest care cannot prevent an occasional spot 
of dirt or unwanted material getting in. There¬ 
fore before the paper goes out every sheet must 
be inspected and any showing the slightest im¬ 
perfection removed. This is skilled hand work 
and is always done by women. They inspect 
each sheet, and afterwards count every sheet 
passed and mark with a slip of paper, projecting 
from the pile of counted passed sheets, each time 


the number required for a ream, usually 500 
those days, in reached. Tho paper is then packed, 
each 500 sheets in a separate roam packet, duly 
labelled and packed in crates, boxes, or railway 
containers for transport to the customer. 

Nothing has been said in detail so far about 
the ancient process of tubsizing for making hand¬ 
made sheets of cotton or linen fibres so that they 
could bo written on with ink without the ink 
sinking through the paper or feathering along 
the edges of the pen strokes. The process was 
to dip the sheets into a bath of gelatin solution, 
remove excess of the solution by passing tho wet 
sheet between the rollers of a wringer and then 
hanging them up to dry in tho air. The surface 
gelatin film so produced rendered tho paper 
resistant to ink. It also greatly increased the 
strength and, particularly, the folding endurance 
of the paper. 

Although the discovery that sizing by adding 
rosin and alum to the pulp before sheet-making 
is cheaper and eliminates the need for an extra 
process, it has never boon able to oust from use 
the ancient pro(!esH of gelatin tubsizirig for all 
the higher grade rag-papors. The process is an 
extra one car ried out on the reels of paper which 
come from the end of tho papermaking machine. 
It is usual to reel up the jraper at the end of the 
paper machine and to remove it to a separate 
tubsizer where it is unreeled through a bath of 
warm gelatin solution. In a few old rag-pajrer 
mills the paper is led directly from tho end of 
the paper machine through the gelatin solution. 
In ])roper tubsizing a long bath is use<l to give 
plenty of time for tho gelatin to penetrate into 
the paper. Tho paper passes two or throe times 
under a roll below the surface of the gelatin and 
then over a roll above the surface of tho gelatin 
before reaching the nip rolls at tho end of the 
bath which remove excess gelatin from the sur¬ 
face. The nip rollers are followed by spar drums 
arranged in two long layers. The paper traveds 
alternately over one of tho tojj layer of drums 
and below the next drum in tho lower layer 
until the end of the drums is reached. There 
may be 40 or more spar drums in one of these 
air-drier sections. Warm dry air passes up 
through these spar drums to dry tho paper. 
This careful low-temperature air-drying is 
necessary to preserve the gelatin film in its 
strongest and most complete form. For some 
purposes, however, this gelatin film is too im¬ 
pervious and it is an advantage to break it up 
somewhat by drying on hot cylinders. This 
prevents the maximum strength being produced 
which gelatin can give, but nevertheless quite a 
good increase in strength is obtained in these 
hot-dried gelatin-sized papers and the paper still 
preserves much of the surface properties and feel 
of a properly tubsized paper. 

Since the discovery of rosin sizing and due to 
the necessity of passing reels of paper through 
long size-vats instead of the old simple dipping 
of small single sheets, it is found that entirely 
unsized cotton paper weakens so quickly in a 
bath of warm gelatin that it cannot be pulled 
through a gelatin-size bath. This difficulty is 
obviated by adding rosin size in the pre¬ 
liminary papermaking operation. The softening 
of the sheet then takes place much more slowly, 
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and the paper can be carried through the vat and 
onto the air-drier before it is softened enough to 
break. 

The fact that for some purposes hot drying 
after tubsizing is no disadvantage opens up the 
possibility of doing tubsizing on the paper 
machine without the need of a very long and 
cumbersome air-drier. Quito a few modem 
paper machines are fitted with a short tubsize 
vat near the end of the machine. This vat is 
followed by nip rolls and three or four spar 
drums to enable the gelatin to sink into the 
paper surface before coming onto the remaining 
few drying cylinders of the paper machine. On 
such a machine tubsized paper with a near 
approach to the proper tubsized quality can bo 
made in one operation at ordinary paper-macluno 
speeds. The gelatin film, however, is broken and 
driven into the paper, so that for the best papers 
the full tubsizing and air drying as a separate 
process is still always employed. 

S. R. H. E. 

PARABANIC ACID, N.N'-Oxahjlurea, 
2:4:5- Trilcetohnidazolidi ne , 

CO-NH 

‘ . '\ 

=co 

CO-—NH 

Parabanic acid wiis first characterised by 
oxidation of uric acid with nitric acid (Liebig 
and Wohler, Annalen, 1838, 26, 286), being ob¬ 
tained in 33% yield (Behrend and Asche, ibid. 
1918, 416, 226). It has been obtained by oxida¬ 
tion of uric acid with bromine water, potassium 
chlorate, and hydrochloric acid (similarly from 
guanine), manganese dioxide and hot dilute sul¬ 
phuric acid, by electrolytic oxidation, and in 
80% yield using hydrogen peroxide (Biltz and 
Schiemann, Ber. 1926, 59 [B], 721), 

It has been obtained synthetically from 
oxaraide by heating with diphenyl carbonate at 
240-250° (Cazeneuve, Compt. rend. 1899, 129, 
834) or phosgene at 170-180° (Basarow, Ber. 
1872, 6, 477); by the action of phosphorus oxy¬ 
chloride on a mixture of oxalic acid and urea, or 
on oxaluric acid (Grimaux, Compt. rend. 1873, 
77, 1648); from urea and ethyl oxalate in 
presence of alcoholic sodium ethoxide (Michael, 
J. pr Chem. 1887, [ii], 35, 457), or urea and 
oxalyl chloride (Born\^ater, Rec. trav. chim. 
1912, 81, 105; Biltz and Topp, Ber. 1913, 46, 
1387). 

It crystallises from water in monoclinic prisms, 
m.p. 242-244° (decomp.), 1 part dissolving in 
21‘2 parts of water at 8°. Easily soluble in 
warm alcohol; insoluble in ether. Dissociation 
constant in water at 25°, 7-6x 10“’ (Wood, 
J.C.S. 1906, 89, 1836). Absorbs continuously in 
ultra-violet light. 

Parabanic acid behaves as a dibasic acid, the 
crystalline alkaUne metal salts decomposing to 
those of oxaluric acid in hot aqueous solution 
(Menschutkin, Annalen, 1874, 172, 76); urea 
salt, C 3 H 203 N 2 ,CH 40 N 2 , forms rhombs or 
plates (Hlasiwetz, J. pr. Chem. 1866, [i], 69, 
106); phenylhydrazine aaU, 

C8H208N2,2C«H8N2,H20, 

VoL, IX.^16 


yields oxaluric phenylhydrazide in hot water 
(Skinner and Ruhemann, J.C.S. 1888, 53, 666). 

Heating with alcoholic ammonia at 100° yields 
oxaluric amide (Menschutkin Z.c.), hydrazine the 
corresponding hydrazido (Fosse, de Graeve, and 
Thomas, Compt. rend. 1936, 200, 1260) and 
aniline the anilide (Laurent and Gerhardt, 
Annalen, 1848, 68 , 25). The product obtained 
by reaction with urea (Grimaux, Bull. Soc. chim., 
1879, [ii], 32, 120) was probably a mixture of 
oxalyl diureido and hydroxy-allantoin (Pinguet, 
Compt. rend. 1933,. 196, 112). Reaction with 
hydantoin, v. Hydantoin. 

R. B. 

PARACHOR. Introduction.—The para- 
chor is an empirical constant for a liquid which 
may be regarded as a corrected molecular volume. 
It is based upon a relation between surface ten¬ 
sion and density given by the equation 

y=C{D~^d)* .... (I) 

Here y is the surface tension of a hquid, D its 
density, and d the density of the vapour, all at 
the same temperature; the constant C is then 
found to have a fixed value for a particular liquid 
over a wide range of temperatures. This 
formula was discovered by Klecman (Phil. Mag. 
1911, [vii], 21, 92) in developing a theory of 
molecular forces. Kleeman appfied the formula 
to a few liquids only, and discarded the theory 
on which it was based, since the data for latent 
heats did not give satisfactory agreement with 
his theory. Later Macleod (Trans. Faraday 
ISoc. 1923, 19, 38) independently discovered this 
relationship and showed that it held with 
remarkable accuracy for a lafge number of 
liquids. 

Since Macleod’s rule gives an accurate relation¬ 
ship between surface tension and density it can 
be used to compare the molecular volumes of 
liquids at temperatures at which they have the 
same surface tension (Sugden, J.C.S. 1924, 125, 
1185). Let y^ be some arbitrary surface tension 
at which the comparison is to be made, and Dj, 
and dj the density of the liquid and vapour 
respectively at the temperature at which the 
liquid has this surface tension. At some other 
temperature let y, D, and d bo the values of these 
quantities. Then, from Maclood’s equation (1): 

Y\l{V^-d,)^Oi=yil{D-d) 

Therefore D^—d^ — (D—d){y\jy^). 

If yj is suitably chosen then d^ is negligibly small 
compared with D^. Let M bo the molecular 
weight; then the molecular volume in the 
liquid state at a surface tension y^ is given by 

MID^HMly\){yij{D-d)}=-Wy\)Ci. M (2) 

It is thus proportional to the fourth root of the 
Macleod constant (determined from experi¬ 
ments at any convenient temperature), multi¬ 
plied by the molecular weight. 

It is evident from (2) that the value chosen 
for the arbitrary surface tension y^ merely 
affects the magnitude of the factor 1/yf ; it is 
therefore convenient to choose y^—l so that 

[P]=Jfyi/(D-(i)=3fCi . . (3) 
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The quantity defined by equation (3) is 
termed the “ parachor ” (from Trapa, “ set by 
the side of,” aixl ycupa, “ space ”) (Sugdon, ibid, 
1924, 125, 1185). 

The chief significance to be attached to this 
method of comparing molecular volumes is that 
some allowance is made for the effect of the 
large internal pressure of a liquid upon the 
volume occupied by its molecules. This internal 
pressure cannot, unfortunately, bo measured 
directly, but it is known to have very difierent 
values in different liquids and to decrease rapidly 
with increasing temperature. 8ince surfa(;e 
tension and internal pressure are both due to the 
attraction between the molecules, a comparison 
of molecfilar volumes at constant surface tension 
should eliminate the efi’ect of gross differences of 
internal pressure and give a better measure of 
the volume of the molecule. Some evidence in 
favour of this view' is furnished by a comparison 
of parachors with critical volumes and mean 
collision areas (Sugdon, ibid. 1929, 1055). 

Additive Properties of the Parachor.— 
When the parachors of members of homologous 
series are tabulated it is found that there is a 
nearly constant increment of 39*0 units for each 
additional C H g group. Also, isomeric substanies 
which differ only in the position of groups in the 
molecule have almost identical parachors. 
Further e.xaniination shows that molecular 
parachors can be predicted with considerable ac¬ 
curacy by adding together suitable constants for 
the atoms and linkages prc'sent in the mohnaile. 
(A list of these constants is given in Table I.) 

The constants for atoms are found to be nearly 
the same in all their compounds, and the struc¬ 
tural constants appear to bo indei)endent of the 
nature of the atoms to which the linkage is 
attached. An example of this behaviour is 
furnished by the data for double bonds in 
Table 11. It will be seen that the constant for 
this structure is always approximately 23 units 
in C-C, C-O, C=S, C=:Se, N = C, N O, 
and N - N, is the sum of the appropriate 

atomic and structural constants excluding that 
under investigation; the latter is obtained by 
subtracting 2^[PJ from [P] (obs.). 

The use of these constants in calculating 
molecular parchors is shown by the following 
examples. I 


Benzene. 

CH 

HCf^ 




Paraldehyde. 

O 


CHj- 




6 X 4-8 . . . 28-8 

6x17-1 . . 102-6 

3 double bonds, 
3x23-2 . . 69-6 

6 ring ... 6-1 


[PI (calc.) . . 207-1 

PI (obs.) . . 2061 


Ce 6 X 4-8 . . 

. 28-8 

Hi 2 12x17-1 . 

. 205-2 

O3 3 X 20-0 . 

. 60-0 

6 ring . . . 

6-1 

[P] (calc.) . 

. 300-1 

[P] (obs.) . 

. 298-7 


Of the corrections listed in Table I the first 
is applicable to esters, which are found to exhibit 
a nearly constant anomaly of —3*2 units. The 


Table T.—Atomic akd Structural 
Parachors. 


Aluminium .... 



38-G 

Antimony .... 



G()-0 

Argon. 



54-0 

Arsenic. 



50-3 

Barium. 



(100) 

Beryllium .... 



37-8 

Bismuth. 



(HO) 

Boron. 



16-4 

Bromine. 



08-0 

Cadmium .... 



(70) 

Cipsiuiii. 



(150) 

Calcium. 



(68) 

Oarbon ..**... 



4-8 

Chlorine. 



54-3 

CUiromiiim .... 



53-7 

(yopjior. 



(46) 

Fluorine. 



25-7 

Gallium. 



50 

Germanium .... 



(36) 

Gold. 



61 

Helium. 



20-5 

Hydrogen .... 



17-1 

Iodine. 



91-0 

J icad. 



76-2 

Lithium. 



(50) 

Mercury. 



68-7 

Molybdenum 



(80) 

Neon. 



25-0 

Nickel. 



(50) 

Nitrogen. 



12-5 

Osmium. 



80-4 

Oyxgen. 



20-0 

PhosphorUH .... 



37-7 

l^otassium .... 



(110) 

Rubidium .... 



(130) 

Selenium. 



62-5 

Silicon. 



27-8 

Silver. 



63 

Sodium. 



(80) 

Sulphur . . . . . 



48-2 

Tellurium .... 



79-4 

Thallium. 



64 

Tin. 



56-7 

Titanium .... 



45-3 

Tungsten .... 



(90) 

Zinc. 



50-7 

Triple bond .... 



46-6 

Double bond 



23-2 

Single bond . . ,. 



0 

Semipolar double bond 



-1-6 

Singlet link .... 



-11-6 

Rings. 




3-memberecl .... 



16-7 

4-membered .... 



11-6 

5-raembered .... 



8-5 

(i-mombered .... 



6-1 

Corrections. 




Ester group .... 

, 


-3-2 

OH-group .... 

, 

. 

-5-0 

NHg, NHR, or NRg . 



-50 


(Parentheses indicate parachors which are only 
roughly determined.) 
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Table TI.—Non-polab Double Bonds. 


Hubstancc. 

Formula. 

[PI (obs.). 

SiH]. 

Double bond. 

Ethylene. 

HgC^CHg 

99-5 

78-0 

21-5 

Propylene. 

HgC-CHMe 

139-9 

117-0 

22-9 

Acetone. 

MegC-O 

161-5 

137-0 

24-5 

Methyl ethyl ketone .... 

MeEtC-O 

198-5 

176-0 

22-5 

Carbon disulphide. 

S=C-S 

144-7 

101-2 

21-7x2 

Carbon selenosulphidc .... 

S-C=Se 

156-4 

115-5 

20-4x2 

Ethylthiocarbimide. 

EtN-C-S 

211-7 

160-6 

25-5x2 

Nitrosyl chloride. 

CIN-O 

108-1 

86-8 

21-3 

Azobenzene . 

PhN-NPh 

429-5 

405-0 

24-5 


others can bo regarded as a rongli allowance for 
the elhict of association in alcohols and amines. 
This method of correcting for association can 
only be expected to hold roughly at not too 
elevated temperatures, since the parachors of 
associated liquids vary with temj)erature. 

Accuracy of the Additive Properties of 
the Parachor. —Of 107 parachors collected by 
8ugden in 1924 (lx.) 104 arc within 1% of the 
calculated value and 145 within 2%. J^ate^r 
work on a much larger number of compounds 
has shown that this order of accuracy is usually 
found. One important exception was discovered 
by Mann and Ihirdie {ihld. 1935, 1549) in certain 
series of organometallic conqjounds. Thus in 
the boinologous series of compounds represented 
by the formula (SR 2 ) 2 PdCl 2 the para<‘hor 
deduced for palladium fell from 30 for R—Me to 
—7 for R~?i-amyl. Large anomalies are also 
found for some fused metals and salts {see later). 
Many of the deviations found for purely organic 
substances are probably due to incorrect 
measurements or to insufficient purification, 
whilst others may be caused by modifications in 
structure which have not been allowed for in cal¬ 
culating the parachor (e.gr., substituted phoroncs, 
Sugden, ibid. 1928, 410). Much bettor agree¬ 
ment could not be hoped for since {a) small 
differences arc found between the values for 
CHg differences in different homologous series, 
and (h) parachors of position isomers indicate 
that there are small but definite deviations from 
a strictly additive law. In view of these facts it 
is evident that conclusions as to structure can 
only safely be made from parachor values when ^ 


the alternative structures would lead to con¬ 
siderable differences in parachor. 

Mumford and Phillips {ibid. 1929, 2112) have 
suggested the use of strain constants to account 
for some of these variations. These constants 
arc small and usually of the magnitude of the 
experinKiiital error; it is only when several of 
these corrections have to be applied for one 
molecule that they become important. A 
number of other schemes of parachor constants 
have been suggested by other writers, but except 
possibly in considering data for closely related 
eompounds they do not seem to offer any par¬ 
ticular advantages. (In the article on the 
parachor in the 1934 Supplement to this 
Dictionary a modified series of constants was 
used based on a shghtly higher value for the 
CHg difl’erence. Later work showed that this 
did not lead to any substantial advantages and 
the original constants wore reverted to. It is 
these original constants which are quoted in 
Table I.) 

Semipolar Double Bonds. —The oloetronic 
theory of valency leads to a modification of the 
formula? for eompounds of polyvalent elements 
in which double bonds are written. Thus phos¬ 
phorus oxychloride is now formulated as (1) or 
(11) instead of the older formula (III). One pair 

CI3P— O CI3P -> O CI3P-O 

I. 11. 111. 

of electrons only is shared between the phos¬ 
phorus and oxygen atoms, and these are both 
supplied by the phosphorus atom. Hence 


Table HI.— Semipolar Double Bonds. 


Substance. 

Formula. 

[P] (obs.). 


Semipolar 
double bond. 

Phosphorus oxychloride 

Cl3P->0 

217-0 

220-6 

-3-0 

Ethyl phosphate. 

(EtO),P ->0 

399-1 

403-0 

-3-9 

Thionyl chloride. 

ClaS-^O 

174-5 

176-8 

-2-3 

Sulphuryl chloride. 


193-3 

196-8 

-1-75x2 

Methyl sulphate. 


238-9 

240-4 

0-75x2 

Ethyl sulphate. 

(EtO),S<'° 

0 

313-8 

318-4 

-4-6x2 
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Sidgwick {ibid, 1923, 123, 725) terms tliis the 
“ donor ” atom and has described the bond as a 
“ co-ordinate link.” Lowry (Trans. Faraday 
Soc. 1923, 18, 285) pointed ont that if the 
electrons are equally shared a polar bond is also 
present as indicated in (I); for this reason 
yugden {ibid. 1925, 127, 1528) uses the term 
“ semipolar double bond ” to described this 
linkage. 

It is found that the parachor contribution of a 
semipolar double bond is about - 1 - 2 , whilst 
that of a non-polar double bond in ethylene, 
ketones, etc., is +23*2. Some examples of semi- 
polar double bonds are given in Table 111, which 
should be compared w ith Table 11. 

The parachor can therefore be used to in¬ 
vestigate the nature of the bond in particular 
substances. This method has been applied to 
compoimds of a number of diiferent elements 
and the conclusions reached are summarised in 
Table IV. (This Table contains a few cases, 
e.g., Lvonitriles, in which a polar bond is super¬ 
imposed on more than one covalent bond.) It 
is noteworthy that in every case so far examined 
the structure assigned is in harmony with the 
” octet rule ” although, in many cases, a shell 
of more than eight electrons around the central 
atom could readily be attained by converting 
semipolar double bonds into non-polar double 
bonds. 

Single Linkages.—The structure of the 
higher halides of the elements of Groups V, VJ, 
Vll, and VllI of the Periodic liable is (‘apabie 
of two interpretations in terms of the electronic- 
theory of valency. One may assume that the 
octet breaks down and that all the halogen 
atoms in PCI5, for example, are held by duplet 
linkages giving a shell of ten electrons around 
the phosphorus atom (Formula IV). Alterna¬ 
tively it may be assumed that the octet rule 
still holds and that in this substance two of the 
chlorine atoms are held by singlet linkages 
(Formula V). On the latter view it would be 

CI\ /Cl Cl\ ,CI 

cAp< ci-;p< 

CK ^Cl CK '*CI 

IV. V. 

expected that the link consisting of one shared 
electron (indicated . . .) would have a parachor 
of about — 11 - 6 , since the constant for a four- 
electron link is 23*2 imits higher than the value 
(zero) arbitrarily adopted for a two electron link. 
The parachors of a number of compounds of this 
type show negative anomalies of approximately 
this magnitude (Table V). 

The theory of odd electron linkages has been 
applied by Sugden to account for the parachors 
of a number of co-ordination compounds. For 
further details, see S. Sugden, ” The Parachor 
and Valency,” Routledge, 1930, Chapter VII; 
Sugden and Waloff, J.C.S. 1932, 1492; and for 
criticisms of the h 3 rpothesis of singlet linkages, 
see N. V. Sidgwick, “ The Electronic Theory of 
Valency,” Oxford, 1927, p. 128; Sidgwick and 
Barkworth, J.C.S. 1931, 807; Sidgwick and 
Bayliss, ibid. 1930, 2027; Sippel, Ber. 1930, 63 
[B], 2186; Simons, J. Physical Chem. 1931, 86, 
2118. 


Table IV.— Ocoueeenoe of Non-polar 
AND Semipolar Double Bonds. 


Group. 

Formula, 

Beference, 

Ethylciio . 

>c c< 

(*) 

Carbonyl . 

>c-o 

(1.2) 

Thiocarbonyl . 

>c^ s 

(') 

Selenocari)onyl 

>C-Se 

(“) 

Thioearbimidc 

—N.C-S 

n 

Nitroso 



Nitrite 

0 

il 

Z 

1 

6 

1 

<2) 

Azo .... 

~N--N~ 

(*) 

Nitro .... 

0 

Z 

1 

(■’) 

Azoxy .... 

z 

! 

(-) 

Oximiiio . 

0 

2 

! 0 ^ 

0 

1 

('■^) 

Diazo .... 

4 

0 1 

/N 

>C( II 

\N 

(“') 

Triazo .... 

or 

>C N N 

/N 

~n: II 

\N 

or 

~N N-"N 

—N "t C 

(“) 

i^foNitrile . 

("• 

l^liosphiite 

/' 


Siilphoxi(l(‘ . 1 



Sulphite . 1 

0 

1 

c/p 

A 

(-) 

Sulphinate . J 
Sulphate . . ^ 

rO 


Sulphonate . > 

>s< 

^0 

( 2 . 7 ) 

Sulphonc . . J 


iSelenoxido 

0 

A 

0) 

CO 

A 

(“) 

Chromate . 

>Cr<° 

(’) 

Osmium tetroxido 

^ 0 

Os( O), 

(=) 

Additive com¬ 

pounds of BF 3 
and ethers . 

>0 -> BF 3 

(■*) 


JReferences. 

1 Sugden. J.C.S. 1924,126,117. 

2 Sugden, Reed, and Wilkins, ibid. 1925,127, 1625. 

3 Henley and Sugden, ibid. 1929, 1064. 

^ Lindcmann and Groger, Ber. 1930, 68 [B], 715. 

5 Linderaaim, Walter, and Groger, ibid. 1930.68 FB]. 
702. 

<> Lindemann and Thiele, ibid. 1928, 61 [B], 1629. 

7 Freiman and Sugden, J.C.S. 1928, 263. 

8 Briscoe, Peel, and Robinson, ibid. 1930, 66. 
Lindemann and Wiegrabe, Ber. 1930, 63 [B], 1650. 

10 Hanimick, JJew, Sidgwick, and Sutton, J.C.S. 
1930, 1876. 

Sugden and Waloff, ibid. 1932,1492. 

Other Applications of the Parachor.— 
Since the parachor is nearly an additive property 
and is little affected by the position of an atom 
or linkage in the molecule its application to 
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Table V.—Singlet Linkages. 


Substance. 

Formula. 

[PJ(ob».). 

. 

Sin 

(Singlet), j 

Kefer- 

enceu. 

Phosphorus pentaohloride 

Cl3P( . . . 

Cl)3 

282-5 

309-2 

-13-3 

C) 

Antimony pentachloridc . 

Cl3Sb( . . 

.Cl)j 

311-8 

337-5 

- 12-8 

(') 

Selenium dihydroxydichloride 

(HO)3Se( . 

• ■ Cl)3 

222-8 

245-3 

-11 2 


Tellurium tetrachloride . 

Cl3Te( . . 

. Cl)2 

268-1 

296-6 

-14-2 

(®) 

Diphenyl telluridichloride 

Ph„Te( . . 

• Cl), 

547-3 

568-0 

-10-3 

{*) 

Dianisyl telluridichloride . 

(C,H,0),Te( . . . Cl), 

663-2 

686-0 

-11-4 

(") 

Dimethyl telluridichloride 

(CH3)2Te( 

- - . Cl)., 

1 282-5 

SOO-2 

- 8-8 

(4. 0) 

Diethyl telluridi-iodide 

(CjHjjjT ( 

. . . Cl)3 

425-0 

451-0 

-13-3 

(4.6) 

lodowsobenzene propionate 


OCOC^H,)^ 

583-5 

600-8 

- 8-6 

1 n 


lieferenres. 

1 SuRden, J.C.S. 1027, 1173. 4 Bur.stall and Sucdcn, J.O.S. 1930, 229. 

2 Henley and SuRden, ibid. 1929, 105S. 5 Lowry and Gilbert, ibid. J929, 20S7. 

3 Simons, J. Amer. Clieni. Hoc. 1930, 62, 34S8. 6 sidgwick and Barkwortli, ibid. 1931,807. 


problemB of organic structure is limited. Apart 
from the cases already considered which involve 
the presence or absence of specific linkages 
causing a large change in paraohor, the most im¬ 
portant group of compounds for vhich this 
constant can give information about structure 
is that in which the possible structures involve 
cither a ring or a non-polar double bond. Thus 
the replacement of a double bond by a six- 
membered ring causes a fall in paracdior of 17 
units and this is well within the limits imposed 
by experiment and by lack of strict additivity 
unless the molecule is very large and complex. 
This alternative is found in the formulae for 
quinones (VI) and (VII), and the parachor shows 
clearly that the diketono formula (VI) is correct 
(Gamer and Sugden, J.C.S. 1927, 2877). 

Similarly siiccinyl chloride and the low'er- 
melting form of phthalyl chloride have probably 
the symmetrical structure (VTII), whereas the 
higher-meltmg, unstable form of phthalyl 
chloride has probably the unsyrnmotrical struc¬ 
ture (IX). Benzil and pp'-dimeihoxybenzil are 



II 

O 


also found to have the diketone struct,ure (X) and 
not the ])eroxide structure (XI) (Garner and 
Sugden, I.C.). 

c— __c-c— 

I! II II 

O O 0-0 

X. XI. 


A somewhat similar problem is found in the 
derivatives of phoronc which have been studied 
by Jngold and Shopi>ce {Ibid. 1928, 365). Ac¬ 
cording to the nature of the substituent X these 
substances show a greater or smaller tendency 
to pas-s from the open chain form (XI1) to the 
bicyclic form (XIll). The parat’hors show a 
negative anonialy which corresponds roughly to 
the degree to which th (5 bicyclic form is present^ 



An application of the parachor to a problem of 
a rather different type has been made by 
Mumford and Phillips {ibid. 1928, 155). When 
jSjS-diehlorodiethyl sulphide is chlorinated, two 
substances occur among the products, to which 
the formulte C 4 H 7 CI 3 S and C 4 HgCl 4 S were 
originally assigned. Later analyses showed 
that the formulae were more probably 
C4H5CI3S and C4H4CI4S and that a molecule 
of hydrogen chloride had been eliminated during 
the chlorination to give derivatives of vinyl 
ethyl sulphide. Hydrogen analyses are rather 
difficult to carry out with accuracy in these 
highly chlorinated compounds, but a determina¬ 
tion of their parachors confirmed the unsaturated 
structures. Neglecting the small difference due 
to the change in molecular weight of two units, 
the difference in parachor between the values 
expected for the saturated and unsaturated 
formulea is equal to the difference between the 
constants for two hydrogen atoms and that for 
a non-polar double bond, viz. 34-2—23*2=aU*0; 
each substance was found to have a parachor 
agreeing with the unsaturated formula. 


Vlll. 


IX. 
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One important group of substances in which 
large and unexplained parachor anomalies exist 
is formed by fused metals and salts. All these 
substances are not anomalous; thus mercury 
and copi)er have parachors which are not far 
from the constants obtained from their fusible 
(Compounds with organic addenda, and certain 
salts of aminos give normal parachors. Many 
oth(‘r salts and metals, however, exhibit large 
j)ara(^hor anomalies which may be either positive 
or negative. For a fuller discussion of these, 
fsre S. Sugden, op cit., Chap. VJII; Mumford and 
Phillips, J.C.S. 1929, 2112. 

S. S. 

PARADOL. A yellow pungent oil con¬ 
tained in the seeds—Grains of Paradise, Guinea 
Grains—of a West African plant, Aframomum 
7)}eleguc.t(i (Fam. Zingiberaceie). The seeds were 
fornu'rly important as a spice and are still 
piescribed as a carminative in vclerinary 
merlicinc. NcLson (J. Amer. Chem. So(‘. 1917, 
39, 14()()) separated paradol from the essential 
oil also contained in the seeds but did not obtain 
it in a pure state. Crude paradol bad 
l [all, 74j‘' 1-5232, OMe 10-93%. 

Treatment with dimetliyl sulphate gave the 
methyl ether, m.p. (IS-Ofi-r)®, OMe 20%. This 
substance be considered to be identical with the 
methyl ether of gingerol (Lapwortli et aL, 
J.C.S. 1917, 111, 777; e. Vol. V, 53:W, 5:Uc). 

The principal fraction of paradol distilled (it 
230-23-178 min., had pH 1-0415, 1-5J98. 

OMe ]1T%, and was optically iriactive. The 
ident ity witli gingerol claimed by Nelson leaves 
unexplained the different reaction uith boiling 
potassium hydroxide; gingerol loses its pun¬ 
gency, while paradol is recovered unaltered. 
Gingerol (Laj)worth et aL, l.c., p. 789) and pro¬ 
bably also paradol are complex mixtures. For 
further information on A. niele/jvcM, d. 
Hutchinson and J. M. Dalziol, “ Cseful Plants 
of West Tropical Africa,” Crown Agents for the 
Colonies, London, 1937, 471 ; also Vol. T, lOla. 

J. N. G. 

PARAFFIN WAX (t'. Petroleum Waxes, 
this Vol., p. 403(1). 

PARAGUAY TEA or Yerba de Mate, also 
known as MaU, Jesuifs Tea, or St. Bartholo¬ 
mew's Tea, is a product of Ilex paraguemsis 
(and other speedes of Ilex) which, indigenous to 
Paraguay and Southern Brazil, is now cultivated 
also in Argentina, Chile, and Peru. The plant 
is a tall shrub, bearing ovate-lanceolate leaves 
about 5 in. long, with serrated edges; the mid¬ 
rib and veins are prominent at the under side, 
and the veins join again before reaching the 
edge of the leaf, as in the case of ordinary tea. 
The dried and comminuted leaves are widely 
used as a beverage in South America, and to a 
small extent elsewhere. A variety termed 
Youpon or Cassine, from Ilex cassine, is grown 
and used in some of the southern states of U.S. A. 

In the preparation of mat^, the old and some¬ 
what crude methods have been superseded. Cut 
bran(^hes bearing leaves are dried by means of 
hot air, the leaves and stems detached by 
threshing; these, after a final complete drying 
in a current of hot air, are broken up and packed 


The infusion is made by adding boiling water 
to mat6 in a cup; after sweeterdng, it is im¬ 
bibed, usually very hot, by means of a tube 
fitted with a filter. Two or three sucresHivo 
infusions may be obtained from one lot of mat6. 
The liquor ‘has restorative and invigorating 
qualities. It is also variously reputed to be 
aiHwieni, emetic, and diuictic; tlie last-named 
quality lias bceu attributed by ()(dirli (Pharm. 
Aeta llelv. 1927, 2, 1.75) to a small content 
(()•!%) of theobromine. Cso of the infusion 
dates only from the settlement of Jesuit mis¬ 
sionaries in South America in llic early seven¬ 
teenth oentury. 

In Argentina the (prality of mate is controlled 
by law. That jirepartal i)y juiinitive processes 
is iu)t admitted ; not more than 25‘*(, of stalk or 
20 % of tine dust is allowed. Otlier limits 
coiiifiosition are: duixdho. moistiii'e 
8 %, acid-insoluble ash 2*)o ; luinima, arpieous 
extract 2.7%, caifeine 0-7^'(, (see also B, 1938, 
1.700, 


Bu blushed percentage 
follows ; 

analyses range 

Moisturi' .... 

. . 7 -o-ior> 

Aipieous extrai't 

. . 32 0 49 0 

Caifeine .... 

. . 0-1- 1(> 

“ J’annin ”... 

. . S()-110 

Ash. 

. . .7-0- 7-5 

Crude ii})rc . 

. . 15*0-20-0 


(Friesc, Phaiin. Zentr. ItflO. 77, 53; Krauzi', 
Mitt. Lohensm. Hyg. 1932, 23, 21S--223; IVyer 
and (fstirner, A])oth.-Ztg. P>32, 47. 072-1)75; 
Conner Iicut Agric. L\p. Station re])orts, 1930 
and 1934). 

Mate contains no true tannin, but eaffetannin 
or a clo.sely-allied (‘ompound. The arpieous 
extract allOrds a fine green colour w'itb 10% 
ammonia. It also contains an appreciable pro¬ 
portion of a natural yellow colouring matter, 
which is probably a tlavone derivative (Woodard 
and Cowland, Analyst, 1935. 60, 135). 

Kefcrenee may also be made to Joyce, Nature, 
1934, 722 and 760. 

Yermut i.s the name given to a rvarbonatod in¬ 
fusion of mate, sweetened and flavoured 
(Analyst, 1932, 57, 109). 

T. W. H. 

PARAMAGNETISM {v. Vol, VIH, 462/;). 

“PARAMOL” 2-A ni mo-6-hydroxyhenzyl alco- 
hoi. A photographic developer described by 
Eichengrun (Z. angow. Chem. 1901, 14, 1070). 
It is prepared from p-nitrophenol which is con¬ 
verted into a derivative of benz^d chloride by 
interaction with hydrochloric acid and formalde¬ 
hyde ; this product is then reduced to the amino 
compound and at the same time the chlorine 
atom is replaced by hydroxyl. Its properties as 
a developer are intermediate between those of 
pyrogallol and p-aminophenol. Concentrated 
stock solutions can be prepared in sodium car¬ 
bonate solution. It is a developer suitable for 
both plates and papers but has not attained 
importance, “PamwoZ,” constitution above, 
should be di.stingui8hed from “pamnoi ” which 
is p-aminophenoi. 


J. N. G. 
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PARAXANTHINE, * or 1:7 -dimethylxan- 
thinef C 7 HJJO 2 N 4 , 

NMe-CO 


CO C-NMe 

I II 

HN-C-N 

is a colourless CTystallino substance, m.p. 298- 
299“, difficultly soluble in cold water, but soluble 
in about 24 parts of boiling? water. It occurs 
naturally in human urine (Kruger and Salomon, 
Z. physiol. Chern. 1897, 24, 3G4 ; 1898, 26, 350) 
and in whale’s liver (Carter, Mann, Jenkins, and 
Harley-Mason, Nature, 1943, 151, 728). It has 
a marked diuretic action; furthermore, anti¬ 
thyroid activity has also been claimed for para- 
xanthine ((.Wter et al., although the 

])hysical basis of this claim reejuires further 
investigation. Paraxanthine was first syn¬ 
thesised by Fischer and Aeh (Ber. 1900, 39 423), 
who conv(‘rted 8 -chlorocaffeine to 8-chloro-3- 
(‘hloromethylparaxanthinc, which, when boiled 
with water, furnished 8 -chloroj)araxanthine, 
from which })araxanthine was obtained by 
reduction with hydrogen iodide. This syn¬ 
thesis has re(?ently been modified and inij)roved 
by lyiann and Porter (J.C. 8 . 1945, 751). A 
second synthesis, by the Traube series of re- 
a<*tionR, was carried out by Traube and Dudley 
(Ber. 1913, 46, 3839), A third synthesis, in 
which 4-amino-l-methyliminazole-5-carboxyI- i 
mcthylaniido was cycliscd with ethyl chloro- 
formate, was performed by Mann and Porter 
(/.c.), who also synthesised ^'arious homologous 
1 :7-dialky Ixanthines. 

These syntheses place the main structure of 
paraxanthine beyond doubt. The fine structure 
is not certain and is probably dependent on the 
chemical environment; OgvSton (J.C. 8 . 1935, 
1376), on the basis of dissociation-constant 
measurements, has allocated a zwitterion struc¬ 
ture to paraxanthine. For absorption spectra 
of paraxanthine and homologuca, ayc Mann and 
Porter (l.c.). 

Paraxanthine forms a well-defined sodium 
dsrivalive, C 7 H 702 N 4 Na, 4 H 20 , which is only 
slightly soluble in water, and a picrate^ 
m.p. 247-249“ (de¬ 
comp.). Methylation with methyl iodide con¬ 
verts paraxanthine to caffeine, 

Paraxanthine is isomeric with theophylline 
(I:3-dimethylxanthino) and thoobromino (3:7- 
dimethylxanthine). 

F. G. M. 

PARCHMENT. VeUum. Rolls of animal 
skin had been used for written records in 15(K) 
B.c. but according to tradition it was Eumenes II 
of Pergamum (197-168 b.c.) who first established 
the manufacture of parchment and vellum as 
improved supports for writing. Moreover, both 
surfaces of these sheets could be used so that it 
was an obvious development to bind the sheets 
together to form codices or books (E. M. Thomp¬ 
son, “ Greek and Latin Palaeography,” Oxford, 
1912; F. G. Kenyon, “ Books and Readers in 
Ancient Greece and Rome,” Oxford, 1932). 


Tlie modem manufacture is believed to resemble 
the ancient practice and may be summarised as 
follows: Bheep and she-goat skins are used for 
parchment, skins of finer quality from calves, 
kids, and newly-born lambs yielding vellum. 
The skin after soaking in a lime pit {v. Vol. Vll, 
2035) is shaved, washed, and pegged o\it tightly 
on a wooden frame to dry. Both sides of the 
skin are now scraped with a knife, the flesh side 
is sprinkled with chalk or slaked lime and rubbed 
with pumice stone; at this stage the grain sirle 
is only rubbed with pumice stone, and the skin 
is allowed to dry upon the frame. The skin is 
next transferred to anothc^r frame where it 
remains at a lower tension than before, and its 
thickness is equalkse-d by scraping tlie grain side 
with a sharp knife; finally, any irregularities 
are removed by rubbing with fine pumice stone 
(“ Ure’s Dictionary of Arts, Manufactures, and 
xMines,” by R. Hunt and F. W Rudler, 7tli ed., 
London, 1875, 111, 513; cf. Band, B.P. 11693, 
1893; 14.384,1894). 

Papyrus, the writing material of the ancient 
world, which remained in use until the fifth 
<*entury a.d., was x)repared by cutting vorticid 
strips from the stem of the j)aper reed, Cyperits 
papyrus, which flourislied in the Nile delta. The 
strips w ere arranged at right-angles in two layers 
which were pasted together, pressed, and driejd 
in the sun. The sheets were then fastened 
together to form a band which was wound up on 
two sticks (Pliny, Nat. Hist. Xlll, cc. 11, 12). 
The papyrus roll was eventually superseded by 
the parchment or velbim codex or book. 

J. N. G. 

I PARCHMENT PAPER. VegetableParch- 
ment is a modified paper, glossy, semi-transparent, 
and tough, resembling parchment. It is pro¬ 
duced from Rclceted papers, preferably rag or 
bleached sulphite e(ilJulose, by the action of 
either sulphuric acid, zinc chloride solution, or 
cuprammonium solution. The parchmentising 
treatment applied to cellulose material is usually 
understood to mean the sulphuric acid process. 
Cotton fabrics can be parch men tised to give a 
variety of effects, from semi-transparent to 
wool-like {v. Vol. V, 191). 

In the manufacture of parchment paper by a 
continuous process a band of paper is passed 
under glass or lead rollers revolving in sulphuric 
acid (about 77%) and kept at a temperature 
between 10° and 15°c. The speed of the paper 
band is adjusted to give a predetermined time 
of contact with the acid of between 5 and 20 
seconds. The nature and j>orosity of the paper 
are factors affecting the duration of contact. 
The treated paper passes between rollers which 
squeeze out the excess of acid and then through 
washing tanks, one of which contains dilute 
ammonia. The final washing (Arnold, B.P. 
8130, 1855) is by a water-spray. Neutrality is 
important. The washed paper is then dried by 
passage over heated felt-covered cylinders and 
is calendered. A suitable arrangement of tanks 
and adjustable rollers is described by Sansen 
(J.S.C.I. 1912, 81, 636). The prolonged action 
of sulphuric acid on cellulose has been fre¬ 
quently studied, notably by Girard (1876) who 
prepared hydrocellulose, a friable substance, 
with a dilute acid and by Stern (1895) who 
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obtained cellulose sulphuric acid esters in solu¬ 
tion in the concentrated acid. Mercer (1850) 
observed the parchmentising effect of a brief 
contact with sulphuric acid of 77%, and Warren 
de la Rue (1861) manufactured parchment paper. 
Some later researches have been directed to the 
possible formation of cellulose hydrate under 
parchmentising conditions. The cellulose is 
gelatinised and swollen by the action of the acid 
and the effect of water is to precipitate a cellulose 
colloid (formerly termed “ amyloid ”) on and 
between the fibres. The product is more hygro¬ 
scopic than the original cellulose, but does not 
appear by A-ray examination to be a hydrate of 
cellulose {see Vol. II, 459; J. T. Marsh and F. C. 
Wood, Chemistry of Cellulose,” 3rd ed., 
London, 1945; Sakurada et aZ., Applied 
Chemistry Reports, 1933, 18, 181). 

For a given paper there are critical acid con¬ 
centrations, temperatures, and times of contact 
to be observed and several processes are intended 
to facilitate control of the conditions. Barott, 
Foulds et at, (B.P. 200881), add 0*5-l-0% of 
formalin to the acid and in addition may em¬ 
ploy two acid baths of different strengths, 74 and 
55% (B.P. 230530; c/, B.P. 123594). The 
destructive action of the acid may also be 
retarded by dissolving in it pyridine (G.P. 
433180) or an aminotriazene such as melamine 
(U.S.P. 2299200; c/. U.S.P. 2174534). 

Thicker parchment paper used for making 
buttons is made by pressing together several 
layers while still wet with acid. For a collection 
of patents on parchmentising cellulose, see 
E. Sedlaczek, “ Mercerisierungsverfahren,” Ber¬ 
lin, 1928, See also J. T. Marsh, “ Mercerising,” 
London, 1941. 

Recovery of waste acid by concentration may 
be preceded by addition of nitric acid and heat¬ 
ing to 100®; organic matter in solution which 
would otherwise char is thus destroyed (U.S.P. 
2069472; c/. G.P. 418831). 

Properties .—^The standards proposed by Amp 
(Analyst, 1931, 66, 149; Amer. Chem. Abstr, 
1931, 25, 2206) are; moisture content not 
greater than 10%, the wet strength at least 33% 
of the original strength, the ash should not 
exceed 0-45%, and the water-soluble extract 
1-30%. Vegetable parchment containing a high 
extract is liable to attack by mould growth. 
Fortini et al. (J.S.C.I. 1913, 82, 282) found 90~ 
55% for the wet strength of genuine parchment 
paper; the corresponding figures for imitation 
parchment paper {see below) were 70-10%. 
Solechnik (Amer. Chem. Abstr. 1935, 29, 1244) 
estimates the degree of parchmentisation by 
measuring the transparency with a selenium 
photoelectric cell. A higher transparency results 
from a preliminary mercerisation with 18% 
sodium hydroxide and subsequent treatment 
with 80% sulphuric acid. The opacity of genuine 
parchment paper to the ultra-violet has a pre¬ 
servative function for packed foodstuffs (Sommer 
et ed.y B. 1933, 620; Strachan and Davies, Chem. 
and Ind. 1934, 973). Commerical parchment 
papers differ in this respect, and greaseproof 
paper is not opaque (Schlemmer, Amer. Chem. 
Abstr. 1936, 29, 2611). An autocatalytic oxida- 
lion of butter fat may also be promoted by traces 
of metallic salts; 22 p.p.m. of copper and 50 


p.p.m. of iron were found in parchment paper 
but these quantities did not accelerate the 
oxidation of butter fat in contact with the parch¬ 
ment (Strachan and Davies, lx.). 

The rate of transmission of aqueous vapour in 
both directions through the wrapping of food 
packages has been studied. Carson {ibid. 1937, 
31, 8748) measured the permeability of pack¬ 
aging materials to water vapour and suggests a 
standard method. Oswin (J.S.C.I. 11)45, 64, 67, 
224) calculates a safety factor defining spoilage 
from the rate of transmission of acpicous vapour 
through the wrapping, but the result is criticised 
by Grover (Chem. and Ind. 1945, 175). The 
defect of brittleness in parchment paper is 
obviated by treating the paper with hygroscopic 
substances (Strachan, Food, 1933, 2, 187) which 
impart flexibility; these include calcium 
chloride, calcium propionate, magnesium chlo¬ 
ride, glycerol, sugar. The two additions last- 
named favour the growth of moulds, while the 
salts should not bo brought into contact with 
food (Burr eZaZ., J.S.C.I. 1912,31, 811 ; Strachan, 
I.C.). 

Parchment paper is used as a wrapping for 
butter and other foods, for tobacco, as covers 
for jam jars, for sausage skins, etc. 

Pergamytiy' Glassine .'''—Imitation parch¬ 
ment paper is obtained by a mecdianical process 
in which the paper pulp is beaten with blunt 
knives in a hollander until the fibres are swollen, 
fibrillate, and adhesive. Although of similar 
appearaiKte the finished paper is not so wator- 
and fat-resistant as the genuine product. Simple 
tests will detect the imitation: (1) observation 
of a transverse section in polarised light, the 
genuine being dark; (2) boiling a specimen in 
dilute sodium hydroxide solution, the imitation 
being disentegratod; (3) the wet bursting 

strength of the genuine is higher. 

“ Cellophane ” {v. Vol. II, 442d) is a trans¬ 
parent film of regenerated cellulose made by the 
viscose process and widely used for packaging. 
This film and cellulose acetate film are described 
by M. Halama, “ Transparentfolion,” Berlin- 
Steglitz, 1932. In wet strength, viscose film 
is inferior to genuine vegetable parchment. 

Vulcanised fibrcy which has no relation to vul¬ 
canised rubber, is a modified paper in which 
the fibres have been gelatinised by contact with 
warm concentrated zinc chloride solution and 
then subjected to the coagulating effect of water. 
The process and plant resemble those in use for 
vegetable parchment with important differences. 
In the sulphuric acid process {see above) only two 
or three layers can be united before the mass 
pulps (Williams, J.S.C.I. 1921, 40, 224 t). In 
the zinc chloride process many layers can be 
coalesced but a prolonged washing is necessary. 
The acid bath for vulcanised fibre may be 65% 
zinc chloride solution at 40°o. or a 70% solution 
at 36®c. and adjustments are made in the con¬ 
ditions according to the quality of paper used. 
The treated material is wound up on a large 
heated roller until of the desired thickness. It 
k then washed in tanks containing zinc chloride 
solutions of successively increasing dilution and 
finally in water. Sheets J in. in thickness require 
2 months washing, 6-8 months for those of 
2 inches. The wi^shed product is dried ^t 40- 
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60°, pressed and calendered. The product is a I benzene. Parsley fruit when distilled yields a 


very hard mass, gtey unless the paper was 
cjoloured by incorporation of pigments, and can 
be worked with machine tools. Packing rings, 
travelling trunks, rollers for printing machines, 
etc., are made from the material, which has the 
disadvantage that it swells if immersed in water. 
Although a bad conductor of electricity it is not 
a reliable insulator. 

Cuprammonium solution (?;. Vol. Ill, 355a) 
parchmentises and rapidly dissolves cellulose 
(Mercer, B.P. 13296, 1850). Paper, ropes or 
canvas may be immersed in cuprammonium 
Kolutioii until the outer fibres are gelatinised, and 
the material when dried is a green waterproof 
product, e.g.y “ Willesden canvas (B.P. 3685, 
1877; 185,1878; 5054,1894). 

For further information on cellulose fibres, 
see P. H. Hermans, “ Contributions to the 
Pliysics of Cellulose Fibres,” Elsevier Publishing 
Co., London, 1946 ; Haller, Amer. Chem. Abstr. 
1946, 40, 4219. 

J. N. G. 

PARKERISING'^ (v. Vol. Ill, 392d; VII, 
493rf). 

PARMONE. A ketone, C 13 H 20 O. Occurs 
in oil from violet flowers, phenylsemicarbazoney 
ni.p. 160“168”, p-hromophenylhydrazoney m.p. 
132-133° (Ruzieka, Compt. rend. Cong. Chim. 
Ind. 1937, 915). 

J. L. S. 

PARSLEY {A'pium petroseliniam L.). A 
common garden herb much utilised in flavouring 
and garnishing. Agcaoili (Philippine J. Sci. 1916, 
11 , 91) records: Water 85-7, protein 3-82, fat 

1- 39, nitrogen-free extract 4-82, fibre 1-52, ash 

2- 75%. Peterson, Elv'ehjera et al.y (quoted by 
A. L. and K. G. B. Winton, “Structure and 
Composition of Foods.” New York, 1932-1939) 
state that parsley loaves contain a considerable 
proportion of iron (192 mg. per kg. fresh weight) 
and small amounts of copper ( 2'1 mg. per kg.). 
Leaves, sterns, and seeds contain apiin {v. 
Vol. I, 450c), probably the glucoside of apigenin 
{v. Vol. II, 5205). Hydrolysis yields apiose, 
glucose, and apigenin. According to von 

^ Gerichton (Ber. 1900, 33, 2334) a luteolin mono¬ 
methyl ether is also present in the leaves. 

A. G. Po, 

PARSLEY, ESSENTIAL OIL OF. 

Parsley Oil. The characteristic components of 
parsley oils, of both the essential oil and the 
crude fatty oil {v. infra) are phenolic ethers of 
safrole. German parsley yields mainly apiole, 
2:5 - dimethoxy - 3:4 - methylenedioxy -1 - allyl- 
benzene: 

CHj‘CH:CHa 

O OMe 

O j 

o-dH, 

In Dutch, English, and French parsley oils I 
this compound is replaced by myristiciny 5-1 
methoxy - 3:4 - methylenedioxy -1 - allybenzene. 
The Oermai^L essential oil is often a semi-solid 
mass of apiole crystals, “ parsley camphor.” 
In French oil Thoms (Ber. 1908, 41 , 2753) 
found a new ether, 2:Z'Ai5-telramethoxy‘l’aUyl' 


colourless or yellow oil with an odour different 
from that of the herb. The constants of an 
English product were : yield 2*99% ; p 1-061; 
7^^ 1*5168; opt. rotation —3-4°; solubility in 
80% alcohol 1:3*5 (Matthews, Perf. & Essont. 
Oil Rec. 1940, 31, 60). A French oil contained 
a fraction giving the reactions of Lpinene 
(Thoms, Ber. 1903, 36, 3453). The oU distilled 
from parsley leaves had : p^^ 0*911; [a] + 6 ° 0'; 

1*5029; acid. val. 1*4; sap. val. 10*3 
(Guenther, B. 1937, 1407). “ Apiolin ” pre¬ 
pared by distilling the unsaponifiable portion of 
“ Liquid Apiol ” {v. infra) had p 1*125; b.p. 
280-300° ; sap. val. 0 (H. Thoms, “ Pharmazie,” 
Berlin, 1927,VI,i, 194). SeealsoB.P.C. 1934,728. 

J. N. G. 

PARSLEY, FATTY OIL OF. Apiol. 
Oleoresin of Parsley Fruit is contained in a series 
of pharmaceutical preparations obtained by 
extracting parsley fruit with volatile solvents, a 
final purified product from German parsley being 
crystallised apiole {v. supra). The single ex¬ 
traction with alcohol, other, or light petroleum 
yields mixtures of essential and fatty oils. 
Oleoresin of Parsley Fruit formerly in U.S.P. is 
a green oil obtained by extraction with ether 
and corresponds to “ Green Apiol ” (B.P.C. 1934, 
145). Walmsley (Quart. J. Pharm. 1928, i, 388) 
found for this product: yield, 23*5% ; p 0*9355 ; 
sap. val. 162*6 equivalent to 85% glycerides. It 
is purified by treatment with litharge and bone 
black to give “ Yellow laquid Apiol.” “ Liquid 
Apiol ” is the alcohol-soluble fraction of a light 
petroleum extract. ” Apiol ” from extraction 
with 90% alcohol is a brownish-green mass, 
p 1*030; sap. val. 81*75. Apiol (v. supra 
” Essential Oil op Parsley ”) is prepared 
from ” Green Apiol ” of German origin by 
repeated crystallisation from alcohol; it forms 
needles, m.p. 30°; b.p. 294°/760 mm. Soluble 
in organic solvents. Boiling with alcoholic 
potassium hydroxide gives iaoapiole by con¬ 
version of the allyl into a propenyl group. 
Myristicin (?;. supra ” Essential Oil of 
Parsley ”) is a liquid, b.p. 149*5/15 mm.; 
PgQ 1*1437; 7 ^^*^ 1*5403; a similar conversion 
yields momyristiciny m.p. 44° ; b.p. 166°/18 mm. 

The isomeric apiole in dill oil and oil of 
samphire is 6:6-dimothoxy-3:4-methylenedioxy- 
1 -allybenzene (A, 1909, i, 642; 1926, 1036). 

Vongerichton et al. (J.C.S. 1909, 96 , i, 454) 
isolated from the fat of parsley fruit a new fatty 
acid, petroselic acidy J®*’-octadecenoio acid, 
CH3*[CH2VCH:CH*[CHJ4*C00H. Hil- 
ditch et at. (J.S.C.I. 1927, 48, 174t) confirmed 
this observation. By extraction of English 
fruit with light petroleum they obtained 20*5% 
of fatty oil and 4*5% of non-fatty oil. The fatty 
acids were : petroselic 76%; oleic 15%; linoloic 
6 %. The non-fatty oil contained ca. 70% of 
phenolic ethers, at least 60% of myristicin; 
apiole was not identified. About 2% was found 
of the hydrocarbon wax, petrosiUine, C 2 oH 42 > 
mm. 69° (Matthes et al. J.C.S. 1909, 96 , u, 754). 

Therapeutic Uses. —Parsley oil and extracts of 
parsley fruit have been prescribed in dysmenor- 
rhoea and as a diuretic. Preparations such as 
green and yellow apiols, apolin, fractions of 
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parsley oil exerted similar physiological and 
toxic actions. Myristicin is less active and less 
toxic, sec Lutz and Oudin, Chem. Zontr. 1909, 
I, 1254; Lutz, ibid, 1910, I, 1275; Chevalier, 
ibid. 1910, I, 1799 ; Christomanos, Amer. Chem. 
Abstr. 1928, 22, 276 ; Patoir et al. A. 1935,1633; 
Frappi, Amer. Chem. Abstr. 1936, 30, 164; 
Marri, ibid. 1939, 33, 7893. The efficacy of 
apiol preparations has been questioned in U.S.I). 
22nd ed., 1937, 1509 ; they are not included in 
the British or American Pharmacopoeias. 

Adulteration and Poisoning Effects .—There 
has been widespread adulteration of apiol 
chiefly with the toxic substanc'e tri-o-cresyl 
phosphate (Extra Pharm. 1941, i, 200; Brit. 
Med. J. 1933, ii, 579) which causes pol3meuritis : 
see von Itallio, Amer. Chem. Abstr. 1932, 26, 
5336; Kalbfleisch, A. 1933, 1078; Tiffeneau, 
Amor. Chem. Abstr. 1934, 28, 1774; Herrmann, 
ibid. 1934, 28, 6248. 

Detection and Determination .—Lespagnol et al. 
{ibid. 1942, 36, 1388; 1945, 39, 5269) detect 
apiole in body fluids by a modification of 
Labat’s colour reaction (J.C.S. 1909, 96, ii, 710, 
771). According to Walmslcy (Lc.) the test is 
unreliable, Apiole may bo determined by a 
titration method Avith bromide-bromato (Vignoli, 
Chem. Zentr. 1933, II, 1728). Windisch {ibid. 
1934, II, 1171) separates the components as tri- 
bromoapiole, m.p. 118-120°, and tribromo- 
inyristicin, m.p. 126-129°. King (Analyst, 1929, 
54, 567) determines apiole by a modified Zeisel 
method. Tri-o-cresyl phosphate is detected by 
saponifying, acidifying, extracting the ci'csol for 
identification with ether, and testing the aqueous 
portion for phosphoric acid. An unstable form 
of apiole, m.p. 18-19°, was obtained b}^ super¬ 
cooling (A. 1930, 846). 

J. N. G. 

PARSNI P {Peucedanum sativum Benth. and 
Hook, or Pastinaca saliva L.). An umbelii- 
ferrous fleshy-rooted vegetable in common use 
in temperate climates for domestic^ purposes. 
It is frequently grown in some districts as a 
winter food for cattle and horses. Typical 
recorded analyses are: 


The vitamin-<7 content of parsnips averages, 
in November, 15-30 and after storage until 
February 2-18 mg. per 100 g. 

A. G. Po. 

PARTIAL MOLAR QUANTITIES.— 

Physicochemical properties of systems are of 
two kinds, intensive and extensive. The 
magnitude of intensive properties does not 
depend on the amount of matter in the system; 
the magnitude of extensive properties does. 
Temperature (T), pressure (P), density (p), com¬ 
pressibility (j8), and viscosity {rj) are instances of 
intensive properties. Volume ( V), energy (P), 
heat content (P), free energy (A), and Gibbs 
energy (G) are examples of extensive properties. 
When, to any system, however complicated, a 
gram-molecule of any of its component speedes 
is added, the magnitude of all the extensive 
properties of that system is altered. The in¬ 
crease in the magnitude of any given extensive 
property of a largo system caused by the addi¬ 
tion, at constant temperature and })ressure, of 
one gram-molecule of any component is termed 
the jmrtial molar quantity. 

Let the property concerned be denoted by X, 
and let it be assumed that X fi)r the whole 
system is a function of its tem])craturc, its pres¬ 
sure, and of the numbers ... of 

gram-molecules of the various eoinponents. 
Then 


X = f{Ty P, n^y TZo, 

n.,y...) . (1) 

Any change in X ma57^ be formulated as follows : 

dA%-{»A7a7’)/., 

• dP X 

• -f(9A/^P).T, nu m, ni, . . . 

i (2) 

+ {()Xjc n^).j,^ P, 712 n3, . . . 

• [ 

-f (aX/dWg)?^, P, 7^l,nJ, .. . 

•d?i2+ .. y 


In particiilar, any change in X at constant 
temperature and pressure (when dP--d) and 
dP---0) may be formulated as follows : 


<LY-(aA7c)«i),,_ ^ ■ (Ini 

+ » 3 ..., ■ } (3) 


Whole root 
Kcliblc portion 


Whole root 
Edible portion 


Water. Protein. Fat. 

80 0 2-2 0-4 

83-2 0-4 

Nitrogen- 
free 

Sugar. extract. Fibre. A.sh. 

148 3-6 1 0 

2-3 8-1 1-3 1*3 


The improved flavour of parsnips following 
exposure to frost is attributed by Boswell (Mary¬ 
land Agric. Exp. Sta. 1923, Bull. 258) to stimu¬ 
lated hydrolysis of starchy matter to sugar 
initiated during thawing. The ash of parsnips is 
notably rich in potassium. Haskins (Alassachu- 
setts Agric. Exp. Sta. Spec. Bull. 1919) quotes 
the following mineral analysis as percentage of 
the fresh weight of the root: HgO 80*3, KgO 
0-62, NagO 0 01, CaO 0 09, MgO 0 06, PjOj 
0*19%. Peterson, EJvehjem et al. (quoted by 
A. L. and K. G. B. Winton, “Structure and 
Composition of Foods,” New York, 1932-1939), 
record iron 10*7 and copper 1-2 mg. per kg. of 
fresh parsnip root. 


+ P, m , nz, n4, ... • '^''3 1 • • • J 

To save space the subscripts denoting constancy 
of temperature and pressure will be omitted, but 
should not be forgotten. Then 

dX-=(aA 70 ni)„j ■ dnj 

+ (5A75»2)„,_„j -draj 1(4) 

+ •d»5+ . . J 

But, by definition, each partial differential 
coefficient stands for the partial molar value 
of X with respect to the component the amount 
of which is varied, and may be denoted thus : 

. 

A2=(0A/0»,)„,^ • • (5) 

Hence 

dY2d?i’2-f-'Y2dw2~l“--V3d?i3~f- . . . (6) 

This expression may be integrated from zero 
values of Wg, Wg, . . ., and consequently from 
a zero value of X, to final values rtg, ng, . . ., 
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while the ratios . . . are maintained 

constant during the integration. Because of this 
stipulation of constancy of composition, the 
various partial molar magnitudes Aj, Ag* . . . 
also remain constant throughout; and we obtain 

• • • • (7) 

From this equation, we see that A^ is the magni¬ 
tude of A which we must ascribe to one gram- 
molecule of the species 1 in order to bo able to 
express the total magnitude of the property A 
for the system on a molar additivity basis. Let 
us now dih’erentiate equation (7) without im¬ 
posing the artificiality required for its deriva¬ 
tion. Then 

dA- Aplaj^-|-?ijdA^ Agdwo+rigdAg h • • • (8) 

By subtracting this expression from equation (G), 
the formula of Gibbs and J^iihem is obtained : 

j^dA]^-|-• (^) 

Let tbo total number of gram-Tnoloculcs in the 
system be denoted by n : 

\ .( 10 ) 

and the molar fractions, .r, of the various com¬ 
ponents th(‘n become 

jg -ihin, 

.( 11 ) 

The molar value of the property A for the system 
as a whole is defined as 

A-A/?i .... (12) 

It is t he magnitude of the property in question 
possessed by a system which contains, in all, one 
gram-molecule of substance. Eq\iation (7) may 
now be written in terms of molar fractions : 

X^.rjXi+a'2J2-|-X3l'3+ . . . (13) 

Methods of Determining Partial Molar 
Quantities.—Many methods have been used to 
measure the partial molar (quantities of the 
various components in complicated systems. 
When tho property A can be expressed analyti- 
(’ally as some simple algebraic function of the 
numbers of gram-molecules of components, such, 
for example, as follows : 

A— 

-f (72712+ 

equation (5) gives: 

Ai=^(7i+2^>i77i+ 

and A2-=a2+252772+3027722 . . (16) 

This is the form in which tho partial molar heat 
contents of solutes in aqueous solution have 
generally been recorded. A second analytical 
method, making use of the conception of an 
apparent molar quantity, is described in a later 
section, dealing with specific heats. In the 
absence of an anal3rtical expression, A for the 
system may be represented graphically as 
separate functions of the numbers of gram- 
molecules of the various components, when A^ 
is given directly as the tangent. 

The problem is naturally much simpler in 
systems of only two components, to which the 


general method of intercepts may easily be 
applied. Let x stand for the molar fraction of 
component 1, so that (1—r) is the molar fraction 
of component 2. Equation (13) thus becomes 

A-Air+A2(l-r) 

^-A2+(Ai-A2)r . . (16) 

The gradient at any point on the curve (Fig. 1) is 
(aA/ar)-Ai-A2 . . . (17) 

The value of A c*orrosponding to tho intercept 
x—0 is found by s-ubtracting from the value 
given by equation (16) tho increment (A^ — Ag)^. 
Similarly, the value of A corresponding to the 
intercept x~l is found by adding to the 
value given by eejuation (16) the increment 
(A^—A'2)(1—3”). These facts are made clear 



Fig. 1.—The Determination of Partial 
Molar Quantities for Binary Systems 
BY THE Method of Intercepts. 


from an inspection of the straight lino in Fig. 1. 
We have, then, 

X(.r^0) = X2 

and X(x^.l) Xi .... ( 18 ) 

This convenient method is tho one generally 
employed in dealing with binary systems. 

Partial Molar Volumes. —Suppose that 
the weight per cent., w?, and density, p, of a 
binary liquid system of various compositions are 
given. In handling the data, it is necessary to 
fix the mind’s eye on a given quantity of the 
system. What quantity is immaterial; so 
100 g. is kept in mind in all cases. If w refers to 
component 1, and if is its molecular weight, 
then the number of grain-molecules in our 100-g. 
system is 

77i—ic/Afj .... (19) 

The number of gram-molecules of the second 
component is obviously 

7i2-(100-M;)/if2 . . . (20) 

The volume of the 100-g. system is clearly 100/p; 
hence the molar volume of the system is 

F=100/(71i+772)P . . . (21) 
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The molar fraction of the first component is, by 
definition, 

^ 1 /(^ 1 +Wg) . . . (22) 

These conclude the algebraic steps. Values of 
V must now bo computed for all values of 
varying from 0 to 1. K is now plotted as a 
function of and the partial molar volumes of 
both components are obtained as the two inter¬ 
cepts made by.^ho tangents. An example is 
afforded in Table 1 and Fig. 2. That^thc partial 



Fio. 2.— The Partial Molar Volume of Per¬ 
chloric Acid (I'j) and the Partial Molar 
Volume of Water (Fg) 

The middle curve shows the molar volume (F) of the 
solution. X is the molar fraction of the acid. 

molar volume of water in the pure electrolyte 
should be zero is a mere accident. Partial 
molar volumes may well be negative, as some 
of the figures in Table II indicate. 


Table I.—Partial Molar Volume (in c.c.) 
of Water and Perchloric Acid at 15°c. 


Xl. 

V. 

Fi. 

F2. 

0 

180 

40-9 

1802 

01 

204 

42-5 

17*9 

0-2 

22-9 

44-3 

17*5 

0-3 

26-9 

47*2 

16*8 

04 

28*9 

49-5 

15*2 

0*5 

330 

62-6 

13*6 

0-6 

37-2 

64*2 

11*8 

0-7 

41-6 

564 

9-5 

0-8 

47*5 

56-1 

5-9 

0-9 

629 

66*85 

1 2*6 

10 

66-9 

66*9 

0 


Neither a zero nor a negative partial molar 
volume is difficult to understand. Zero volume 
may indicate that the component concerned 
dissolves by finding nooks and crannies in the 
structure of the other component, into which 
it enters without influencing it. This is the 
behaviour one would rather expect when small 
molecules dissolve among large molecules. The 


clue to the negative partial molar volumes is 
provided by the fact that they are prone to 
appear with highly charged cations. The 
Coulomb field exerted by these ions is strong, 
and they draw to themselves water molecules, 
w’hich they orient radially and bind firmly. 
Such a bound and clamped water molecule 
naturally occupies less volume than a free water 
molecule. It is merely the algebra of the thermo¬ 
dynamical treatment that makes the contraction 
of the solvent appear as a negative volume attri¬ 
buted to the solute. Other factors, of course, 
enf or, and to those some roforenco is made in a 
later section. 


Table II.—The Partial-Molar Volumes of 
Certain Electrolytes in Infinitely 
Diliite Aqueous Solution at 25°c. 


Electrolyte. 

r"" (observed). 

F° (computed). 

HCI .... 

18-2 

18*2 

LICl .... 

17*1 

17*1 

NaCI .... 

16*3 

16*3 

KCl . . . . 

20*4 

26*4 

KF .... 

0*7 

6*7 

LiOH .... 

-6-0 

-45*1 

NaOH . . . 

-6*7 

-4>*9 

KOH .... 

2*9 

3*2 

BaClg . . . 

23*6 

23-6 

CaCIo .... 

18-3 

18*3 

HCld^ . . . 

4M 

4M 


It is the normal j)racticc of tliophysical chemist 
to split up pro])orties found for the two ions in 
an electrolyte into separate values for both. 
This practice was initiated by Kohlrausch. 
Possible, but by no means final, values of the 
partial molar volumes of certain ions in water 
at groat dilutions arc shown in Table III. The 
volumes given in the last column of Table IT 
have been obtained by addition of the partial 
ionic volumes. 

Table III.— The Partial Molar Volumes 
(in c.c.) of Jons and Simple Molecules 
IN Infinitely Dilute Aqueous Solution 
at 25°c. 


Solute. 

F°. 

Solute. 

F". 

. . 

5-0 

F- . . . 

-6*5 

Li>- . . 

3*9 

Cl" . . 

13*2 

Na' . . 

3*1 

OH- . . 

-10*0 

K+ . . 

13*2 

cior 

36*1 

Ba+^ . . 

-2*8 

CO(NH2)a 

44*3 

Ca+-^ . . 

-8*1 

^12*^22^11 

210*6 


The Inter-relationship of Partial Molar 
Quantities. —The thermodynamic formulae used 
for systems of one component, such, for example, 
as 

Q^H~TS .(23) 

Cp^(AHIdT)p .(24) 

F-=(d{3^/dP)j,.(26) 

and S~^-{dOldT)p . . . (26) 
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may be applied, mutatis mutandisy to partial 
molar quantities. Thus 

.... (27) 

Cp^^{dfl\ldT)p, . . . (28) 

Fi=(dOi/df>)j„ . . . (29) 

and Si=-(dtfj/d2’)j„ . . . (30) 

The partial molar quantities which have been 
investigated with the greatest thoroughness arc 
those relating to aqueous solutions of elcef rolytes, 
and to some of them we accordingly apply these 
formulae 

Partial Molar Properties of Electrolytic 
Solutes.—A solution, of total volume, T, at 
temperature, T, and at atmosi)lieric pnissure, 
may be considered to contain ions, with 
radius and charge (q, ions with radius 
and charge Cg. and generally A%: ions with radius 
ri and charge €.{. We dencjte the dielectri(; 
constant of the medium by the letter D. The 
partial Gibbs energy (not the partial molar Gibbs 
energy) of the ions may bo represented by the 
equation: 1 

0~^0^+i:Ni\kT\mH^ieiY2Vri)-{e^^^^ (31) | 

where the ionic concentration, in ions r>er c.c., is 


ni=.XilVy .(32) 

and K2^4^'rr2^ni . ci^jDkT . . (33) 


The three terms in the brackets are associated 
with the names of van’t Hoff, Born, and Debye, 
respectively. The first term represents the 
energy which is possessed by all freely moving 
particles, whether in the gas phase or in solution. 
The second term is the electrostatic energy 
possessed by a sphere of charge e and radius r in 
a medium of uniform dielectric capacity, D. 
The last term is the diminution in electrostatic 
energy due to the presence around each ion of 
ions with opposite charges. The remaining 
term, (?°, is clearly the Gibbs energy of the un¬ 
charged partiedes when at unit concentration 
(ni—1), and arises in part from internal motions 
and in part from interaction with the solvent. 

On applying equations (30), (29), and (27), we 
obtain the formula) : 

S=^8^-2:Ni[h\nn,-hTa-\-(ei^LI2Dri) 

+ (ei2A76i)T)(l-3LT-f aT)]. (34) 

F==F°+i:Ni{/cT^-{ei2/2Dri)(dlnD/dP)y 

4-(ei2A/2Z>)[(dlnD/dP)2,-iS/3]} . (35) 

and 

H^H^+ZNi[kT^a-^(e^^l2I)ri)(\-LT) 

-(ei2A/2i))(l-LT+|aT)J . . (36) 

where 

a=(l/F)(dF/dT)p . . , (37) 
L=-(l/2))(di)/dT)p . . (38) 

and (l/F)(dF/dP)^ . . (39) 

When SNi represents the total number of ions 
from one gram-molecule of the electrolyte, these 
expressions are partial molar quantities. They 
have been extensively investigated. 

Partial Molar Specific Heats and the 
Concept of Apparent Moiar Quantities,— 
The following considerations refer to systems at 


constant pressure, but the subscript, as in 
previous passages, is omitted. The amount of 
heat, Cy required to bring about an increase in 
temperature of one degree in a 85^stem containing 
1,000 g. of solvent and m gram-molecules of 
solute, may be referred to as the heat capacity 
of the solution of molarity m. J^^urther, let 

Cj—the partial molar heat capacity of the 
solvent, 

Cj®-the value of when m is zero, 

Cg-the partial heat capacity of the solute 

{-■-(lCjdm)y 

and Cg® -the value of when 7n is zero. 

A directly measurable quantity, 0, may now 
be defined by the equation 

0-{G-(1,000/if )cj^0}/m . . (40) 

0 is seen to be the difl'erence between the heat 
capaeity, Gy of the system and the heat capacity 
of the pure solvent (of molecular weight i/), 
divided by the number of gram-molecules of 
solute in 1,000 g. of solvent. It is termed the 
apparent molar heat capacity. On differentiating 
with respect to ni^l‘^y we obtain : 
d0/dwd/2=- 2wb2{( 1 /r«)(d67dw)--( 1 jm^) 

[C~-{\y 0001 m)c^^]] 

-(2/r/d/‘'^)(c2-0) .(41) 

Hence 

Cg- 0q (n<i/‘72)(d0/d?ab‘-^) . . . (42) 

The value of 0 corresponding to a zero value of 
m is identical with which is the partial molar 
specific; heat of the solute at infinite dilution. 
Some experimental values are shown in Table IV. 

Tabi.e IV.— Partial Molar Specific Heats, 
Cg®, OF Certain Electrolytes at Infinite 
Dilute in water at 25‘'c. (g.-cal. per 
a.-MOL. PER degree). 


Solute. 

C2®. 

Solute. 

C2®. 

NaCI 

-23*3 

KCI . . 

-28-5 

NaBr 

-24-5 

KBr . . 

-29-7 

Nal . . 

-24-8 

Kl . . . 

-301 

NaNOg . 

-12*0 

KNO3 . . 

-17*2 

Na^SO^ . 

-50*0 

K2SO4 . . 

-60-6 


The Chemical Potential.—The most im¬ 
portant of the many partial molar quantities is 
the partial molar free energy or the partial 
molar Gibbs energy. This is defined by either 
of the relations 

r, nj, n*.. , . • • 

or Mi=-(dG/diVf)r, ... • • 

and is known, for the sake of brevity, as the 
chemical potential. Its importance lies in that 
this is the property of molecmlar species which 
determine their equilibrium relationships. 
Chemical equlibrium results when 

fx (reactants)—/i (resultants) . . (46) 

and physical equilibrium when 

fA (one phase) ==/i (second phase) . (46) 
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For the purpose of establishing the formal laws 
of eqtiilbrium, it is sufficient to be able to relate 
the free energy of a given species under given 
conditions to the free (jnergy of the same species 
under other conditions. The most popular 
formula of this type is 

A = A^-^NkThm . . . (47) 

With the advent of the quantum theory, how¬ 
ever, a more thorough-going treatment of 
equilibria has become possible. Formula of the 
type of equation (47) naturally emerge again, 
but the term A^ is no longer simply “ the free 
energj’^ in the standard state ” but can be 
evaluated absolutely in terms of properties 
accessible to measurement under conditions not 
related to equilibrium conditions. A very 
simple example will serve to illustrate the 
relation between the partial molar free energy, 
or the chemical potential, and the partition 
function (this Vol., p. 244c). 

The partition function for a gas molecule of 
mass m in a system containing N molecules in 
a volume I’ and at a temperature T is 

f=={{2rr7nkTyyh'e}lh^ . , (48) 

In an ideal mixture of gases, containing 
mole(*ules of one kind and Ng molecules of 
another kind in a total volume F, we have, by 
the multiplicative rule for independent partition 
function, the following expression for the grand 
partition function of the system : 

2-r, X ./f 

. (49) 

Here 

rir-r/A'i . . . (50) 

and .... (51) 

The free energy of the .s} stein is 

^i,2=-fcTlni',,2 , 

= - N^kT[ln{(2-nmJeT)^l‘^VI{h^A\)}+1] 
-N^kTlln{{2nm^kTfl‘^ Vlih^N^)^ i ] (52) 
and the pressure is 

-(d.d 1, Jdr)j,, iN^kTIV)-i{N^kTjV) 

= P,+Pi . . . (53) 

which is Dalton’s law. By definition, the Gibbs 
energy is 

2-^1. 2+^ 2+(^ 1 +^ 2 ) V 

==Ai.24-(Ni-fN2)feT. 

Hence 

-N^kT]n{(27Tm^kiyt^VI{hKW^)} . (54) 

V in this expression may now be replaced by its 
equivalent: 

V=^(N^-\-N^)kTIP . , . (53) 

We then have 

Gi, ^=~N^kT\u[{{2nmJiT)^l^/h^}{kT/P) 

{(N,+ N,)IN^] 

- NJeTlD[{{2nm^kT)»K‘lh»]{kTIP) 

{{Ni+N,)IN,}-] (66) 


The ehemieal potentials, from equation (44), 
thus become 

p. - - kT}n[{(2nmJ{Ty‘l'^lh^]{kTIP) 

{{N,+ N^)IN,}] 

and 

tJi,=-kTM{(2-niii2kTy>i^ilPl(kTir) 

{(xVj+ N^)IN^}] (50) 

W"e note that 

Gj. 

as required, and that the clumiica! potential ol 
either component may be expressed in the form : 

. . . (58) 

where x is its molar fraction. This equation is 
the starting point for most, of tlie current 
theories of homogeneous binary 83 \stcm 8 . 
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PARTICLESIZE IN TH E SUB-SI EVE 
RANGE, MEASUREMENT OF. The 

rajiid growth of interest in particle-size measure¬ 
ment is well shown in the sciontitic literature of 
recent years. Among the most important 
purposes for which particle size analyses are 
required the following may be mentioned : 

1. The assessment of occupational health 

hazards due to air-borno dust. 

2. The evaluation of the quality of a wide 

range of industrial products, such as 
jrigments, cement, metal powder's, flour, 
cocoa, and pulverised coal. 

3. In connection with ore degradation. 

4. The study of coal cleaning. 

5. The examination of soils. 

The methods of determining jiarticle size are 
numerous. In a particular case the choice of 
method depends in great measure upon the 
natui-e of the material and upon the circum¬ 
stances which attend its application. Only in 
comparatively rare cases is it possible to measure 
the true particle size; in many instances, indeed, 
it is the effective size of a certain characteristic 
agglomeration of particles which is really needed. 

As is well recognised, with diminishing particle 
size the tendency to agglomeration increases. 
In such a case, therefore, as that of a pigment, 
particle size should preferably be measured in 
conditions which approximate as closely as 
possible to those under which the material wifi 
be used. It should be conceded, however, that 
“ ultimate ” particle size is not merely of 
academic interest, for upon it depends, to a great 
extent, what is, in practice, one of the most im¬ 
portant properties of a powder, the degree to 
which it wiU exhibit a tendency towards aggre¬ 
gation. 

Usually, powders and dusts are oomposed of 
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particles of different sizes. Some of the avail¬ 
able methods of size analysis will yield informa¬ 
tion as to the distribution of the particles on a 
number, area or weight basis, while others give 
only the “ specific surface ” (area per unit mass 
or volume) or the derived “ surface mean 
diameter.” 

The majority of the available methods of 
determining particle size fall into one of the five 
following classes: 

{a) Microscopical examination. 

{b) Sedimentation analysis. 

(r) Adsorption measurements. 

{(1) Measurement of permeability of a packed 
bed, 

(c) Turbidimctric measurements. 

The Measurement of Partiole*size 
Distribution. 

(a) Microscopical Examination.—(i) Direct- 
view and PJiolographic-projection Microscope .— 
Size analysis by means of the microscope is one 
of the most direct methods available and is very 
widely used, both for the routine testing of in¬ 
dustrial powders and for the examination of 
atmospheric dust. I'sually, the particles are 
counted and each is assigned to one of a number 
of (;onvenient size grades by refereme to a suit¬ 
able graticule contained in the eyepiece. With 
irregularly shaped particles, some confusion 
exists as to which dimension shoidd be measured. 
While Tail's advocates the use of the mean 
proji^oted diameter, Schweycr and Work (p. 4)^^ 
state that the shorter of the two visible dimen¬ 
sions is a suitable one for measurement. If 
desired, the numerical distribution obtained i 
directly may be converted to a mass basis by 
multiplying the number in each size range by a 
factor proportional to the mean of the cubes of 
the size limits of the range. If this conversion 
is made, it is more important than ever that the 
diameter chosen should be, as nearly as possible, 
representative of the volume of the particles. 
Unless the geometrical characteristics of the 
particles is known, which is in general unlikely, 
the weight distribution is liable to be inaccurate, 
especially if large particles are present. It is 
generally held, however, that errors due to shape 
diminish as the size is reduced. Another diffi¬ 
culty which arises if the range of sizes present is 
too great, is that it becomes necessary to count 
at many different depths of focus. This can be 
overcome by previous division of the sample into 
size grades, but this obviously increases the time 
taken up by the analysis. The lower limit of 
size which can be resolved by the ordinary micro¬ 
scope, with oil-immersion lenses, and using light 
of 0-6 /X. wave-length, is about 0*2 p. It is, 
however, only possible to approach this limit 
when the optical equipment is of the highest 
quality. 

Most workers agree that the technique of size 
analysis by the microscope is tedious. Fairs 
stresses the advantages, in improving accuracy 
and reducing eye-strain, which attend the use of 
monochromfitic light. Photographic and pro¬ 
jection methods are favoured by many workers 
who use the microscope technique for routine 
size analysis. 


In using mif roscopical methods it is of the 
greatest importance that the sample examined 
should bo truly representative. This presents 
no problem when special instruments, such as 
the thermal precipitator, are used for sampling 
atmospheric dusts. In other cases, it is cus¬ 
tomary to subdivide the bulk sample until a 
reasonable quantity, say 0-5 g., is obtained. 
This is then dispersed in melted glycerine jelly 
(or other suitable medium) and a small quantity 
taken for the preparation of the slide. Should 
it prove impracticable to disperse the powder by 
this method, it may ho necessary to use an 
aqueous or other liquid medium, and examine in 
a ha^mocytometer cell.^^ 

(ii) The Uliramicroscope .—The ultramicro- 
scopc has been used by Gehman and Morris to 
extend the lower limit of the analysis down to 
0*1 p. An interesting application is that of 
Green who has used the uliramicroscope to 
establish the virtually absolute efficiency of the 
thermal precipitator. 

(iii) The Electron Microscope .—The resolving 
power of the electron microscope is at least 
twenty times as great as that of the ultramicro¬ 
scope. It is thus possible, according to Hillier 
(p. 90),to attain a lower size limit of 5 rnp., 
and further, to determine the actual size distri¬ 
bution between this and an upper limit of 1 p. 
This technique is in the early stages of develop¬ 
ment, but there is no doubt that a very valuable 
new method is now becoming available for the 
study of ultra-fine powders, such as pigments 
and carbon blacks.®* 

{(j) Sedimentation Analysis.—All sedi¬ 
mentation methods of size analysis make use of 
Stokes’ law for the fall of particles through a 
fluid medium. Tlie law is commonly expressed 
in the form 

d=-10V{18’)W»(<f-p)} 

where d is Stokes’ diameter in microns, v the 
terminal velocity in cm. per sec., r) the viscosity 
of fluid in poises, a the particle density in g. per 
O.C., p the fluid density in g. per c.c., and g the 
acceleration due to gravity in dynes per cm. 

The terminal velocity of a small particle is 
quickly attained, and hence its measurement 
(usually by determining the time required for a 
fixed height of fall) enables the size to be cal¬ 
culated. In a powder the particles are rarely 
perfectly spherical, and therefore size is ex¬ 
pressed by the imaginary Stokes’ diameter, i.e., 
the diameter of a sphere of equal density, having 
the same settling rate as the particle. 

The most direct application of this principle 
to size analysis is in tie highly refined apparatus 
of Carey and Stairmand.'^ These workers have 
measured the actual paths taken by individual 
particles from photographs of a settling suspen¬ 
sion in a liquid medium. The more usual 
methods, which require less elaborate apparatus, 
treat the particles collectively. If an initially 
uniform suspension of particles of varying sizes 
in a fluid is considered, then at a definite height 
from the top of the suspension, the particles will 
remain in their original concentrations until 
sufficient time has elapsed for aU the largest 
sizes to have fallen below the reference level. 
Measurement of the particle concentrations at 
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this level, after a number of predetermined time 
intervals, for each of which the hmiting Stokes’ 
diameter is calculated, is thus made to yield the 
size distribution of the original dispersion. This 
is the basis of all the so-called incremental 
methods of sedimentation analysis. In cumu¬ 
lative methods, on the other hand, the total 
amount of the dispersoid reaching a definite 
level, or alternatively, the total amount remain¬ 
ing above this level, at different time intervals, 
is measured. It will be evident that not only 
particles of the limiting size, which start from 
the top of the suspension, but also smaller 
ones falling a smaller distance, are measured 
together. The plot of the total weight settled 
against time, treated by Oden’s method of 
tangential intercepts (p. (i?),"*- gives the requisite 
“ undersize ” data. 

Stokes’ law is valid for Re 3 molds numbers not 
exceeding 0-2, and therefore is applicable to 
practically all particles, at the lower limit of the 
sieve range, in liquid media, although a cor¬ 
rection is sometimes necessary if air be used.^* 
The lower limit to which sedimentation methods 
apply is set by Brownian motion. In the gravi¬ 
tational field, this is generally held to become 
important, in liquid media, below 0-6 p., but the 
practical limit is usually somewhat higher on 
account of the time taken in settling, an<l the 
difficulty of completely eliminating convection 
currents. By substituting a centrifugal field, 
however, many workers have succeeded in 
reducing the lower limit very considerably. In 
practice, wall effects, imposed by the necessity 
for confining the sedimentation fluid in a vessel 
of finite size, may be neglected. Much more 
important are the mutual interfering effects 
between the particles themselves. The accuracy 
of many methods is impaired because of the 
comparatively high concentrations which have 
to be used in order to follow the course of sedi¬ 
mentation experimentally. In such conditions 
there is a tendency for the finer particles to be 
underestimated, through their being carried 
down by the larger ones. The evidence as to 
what concentrations may be considered exces¬ 
sive is somewhat conflicting. Martin (p. 77 ) 
has concluded from centrifugal sedimentation 
experiments with titanium dioxide (practically 
all below 1 p.) that unhindered settling may be 
assumed up to concentrations as high as 3% by 
volume. In addition to the above considera¬ 
tions, it is obviously important that there 
should be no interaction (chemical, adsorption, 
or solution), between the soHd and Hquid phases. 

Space does not permit all the sedimentation 
methods to be described in detail. An attempt 
has been made, however, to give the most 
important references. 

(i) Pipette Methods .—^In the original pipette 
method of Andreasen,^ a uniform suspension of 
the powder, about 1% by volume, is allowed to 
settle, and the weight less than a number of 
predetermined sizes is estimated by withdrawing 
small samples of definite volume from a fixed 
sampling point at the appropriate times. Eva¬ 
poration of the medium enables the suspended 
matter to be weighed directly. The smaller 
particles take a considerable time to settle, which 
makes it desirable to take adequate steps to 


limit convection.^® Schweyer®® has described a 
modified pipette with which samples may bo 
withdrawn at several levels, the time taken for 
a full-size determination thus being reduced. 

The pipette method, in its conventional forms, 
may be criticised on account of the compara¬ 
tively concentrated suspension needed to give 
samples large enough to be weighed accurately. 
Modifications to meet this difficulty by using 
more dilute suspensions have been proposed by 
several workers. The pipette method is probably 
the most popular of all methods of size analysis, 
and has been used for a very wide range of 
materials, including soils, clays, metallic oxides, 
cement, and limestone. The apparatus and 
technique possess the advantage of simplicity, 
although in routine work the accumulation of a 
largo number of samples, all of which have to 
be dried, presents some difficulty. 

(ii) Centrifugal Sedimentation .—As has been 
previously mentioned, the lower limit of particle 
size measurable by sedimentation may be greatly 
reduced by use of the (‘cntrifuge. To Svedberg 
is duo a general equation, analogous to that of 
Stokes, applicable to particles settling in a 
centrifugal field (pp. 24, 73).^^ 

Martin describes the use of the method, as a 
cumulative one, for determining the size of 
titanium oxide down to a size of 0*2 p. Norton 
and Spiel have applied it as an increment 
method for measurement of clay particles down 
to 0*1 /u. Marshall^® submits the particles, 
placed upon the Burfa(*e of a concentrated sugar 
or urea solution, to the action of a centrifugal 
field, and so arrives at a size analysis. Richard¬ 
son*® has proposed a method in which the course 
of centrifugal sedimentation is followed photo¬ 
graphically. Because, m practice, the centrifuge 
takes a finite time in accelerating to constant 
speed and in coming to rest, the upper limit of 
size measurable by this technique is about 10 p. 

Several workers have described applications 
fff both the supercentrifuge and the ultra- 
centrifuge^* in the study of the size distribution 
of particles in clays and pigments (p. 42).*® 

I Centrifugal sedimentation is of great value for 
the preparation of closely-graded fractions for 
the testing and calibration of other methods of 
size determination. 

(iii) The Hydrometer Method .—In the hydro¬ 
meter method the sedimentation is studied by 
measuring the changes in density which occur 
at a known level from the surface of an originally 
homogeneous suspension. The method was first 
described by Bouyoucos® and has since been 
adopted as an A.8.T.M. Standard Method for the 
Mechanical Analysis of Soils (1941). A detailed 
description of the method is given by Klein 
(p. 62),*® who has used it for the measurement 
of the size distribution of cements in kerosene 
or isopropyl alcohol. A concentration of about 
1*3% by volume is recommended. Norton and 
Spiel*^ have, however, described its use down 
to a particle size of 0*1 fx, in the centrifugal 
analysis of clays. 

The method is extremely simple and con¬ 
venient, but is liable to the same criticisms which 
apply to others using relatively high particle 
concentrations; in addition, the introduction 
and withdrawal of the hydrometer must be 
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expected to cause some disturbance of the sus¬ 
pension. A further objection, which can only 
be met in part by attention to design, is that the 
hydrometer does not displace liquid at one level 
only. Deposition of particles upon the bulb 
must also cause some inaccuracy. Notwith¬ 
standing these theoretical disadvantages, how¬ 
ever, it is claimed that the hydrometer gives 
results agreeing reasonably well with those 
, obtained by other methods. 

(iv) Manometric Method. —In the mano- 
mctric method, first put forward by Wiegner,^^ 
particle-size distribution is arrived at by 
measurement of the variation of the pressure at 
a definite distance from the surface of a sus¬ 
pension. The chief practical difficulty is that 
the pressure variations in a reasonably dilute 
suspension are very small. Many magnifying 
devices have been pi’oposed. In the apparatus 
of Knapp used for cement analysis, the pres¬ 
sure record is obtained photographically. In a 
recent variation due to Jones and Barlow the 
height of the manometer meniscus is adjusted, 
as sedimentation progresses, to a fixed value by 
means of a micrometer screw. 

(v) The Sedimentation Balance. —Cumulative 
sedimentation data may be obtained directly by 
observing the weight of particles which settle on 
a balance pan hanging in a suspension. The 
method has attracted a great deal of attention in 
the United States, Among noteworthy appli¬ 
cations may bo mentioned those of Svedberg 
and Rinde^^ and Bishop,® who respectively used 
the method for mercury hydrosols and hydrated 
limes. The chief sources of error arise from the 
difiieulty of entirely eliminating convection and 
from the changes in density which occur in the 
liquid beneath the balance pan. 

(vi) Fendvlum Method. — The pendulum 
method is an adaptation of that described by 
Manning and Taylor,by whom it was used for 
the study of coal-oil suspensions. The suspen¬ 
sion is contained in a tube mounted as a 
pendulum. Sedimentation is accompanied by 
changes in the period of the pendulum, from 
which the size distribution may be calcu- 
lated.2’ Since the particle concentration used 
is high (at least 4%), the most valuable appli¬ 
cation of the method would seem to be for 
obtaining relative data for sludges, etc. 

(vii) Light-extinction Sedimentation Method .— 
A distinction should be drawn between measure¬ 
ments of total turbidity, to give the average 
particle size of a dispersion, and the measure¬ 
ment of size distribution by the light-extinction 
method. The former will be dealt with separately 
later in this article. The application of turbidity 
measurements to the investigation of particle- 
size distribution was first described by Wagner*® 
and Richardson.®^ 

In the light-extinction method the concentra¬ 
tion of partic:]es in a settling suspension is 
determined by measuring, usual^ photo- 
electrically, the amount of light cut off by them, 
at a specified level, at a number of time intervals. 
A beam of light is passed through the suspension 
at right-angles to ^e direction of sedimentation. 
The thickness of the beam is small compared 
with the total sedimentation height. In order 
that the obscuration caused by the particles 
VoL. IX.—16 


should correspond as closely as possible with the 
projected area, the beam must be substantially 
parallel and of uniform intensity. 

It is generally held that the absorption of light 
passing through a suspension of particles in a 
liquid follows the Lambert-Beer law {v. Vol. VQ, 
1766), which may bo expressed as 

where la and I are respectively the intensities 
of the beam at incidence and emergence, x the 
length of the light path, m the mass concentra¬ 
tion, and k the extinction coefficient. Subject 
to the validity of certain assumptions, chiefly 
in regard to the extinction coefficient, to which 
reference will be made later, it follows that the 
ratio loge (/a/I) is directly proportional to the 
concentration of particles. la represents the 
light actually transmitted by the pure suspend¬ 
ing medium, since this will itself absorb light. 
If then the light transmitted by the originally 
homogeneous suspension is known, and Ktokes’ 
law is applied to calculate the diameters of the 
particles just large enough to fall below the 
light beam for a number of convenient time 
intervals, an area-undersize curve may be drawn 
directly. If it is assumed that the mass of the 
particles is proportional to the third power of 
their equivalent Stokes’ diameters, then integra¬ 
tion of the area enclosed between the area curve 
above and the appropriate axis enables a mass- 
undersize relation to bo derived. 

The more important assumptions made are as 
follows: 

(а) No light scattered in a forward direction 
is measured, and the particles are large enough 
for diffraction effeirts to be neglected. For small 
particles the extinction is lower than that 
required by the above theory. For detailed 
treatment of the theory of light transmissions by 
suspensions of small particles the reader is 
referred to papers by Schwoyer and Work 
(pp. 11-14)*^ and by Richardson.®® Richardson 
states that scatter effects become serious when 
the value of ttJ/A, where d is the particle dia¬ 
meter and A the wave-length of the light used, 
becomes less than 10. Strictly speaking, there¬ 
fore, with light of A-~0*5 /A., particles below 
about 2 Lt. should bo absent. Preliminary gravity 
or centrifugal separation provides a convenient 
means for the removal of the smallest particles. 
Schweyer and Work (p. 14)*® quote experimental 
results, for materials of wudely different size 
distributions indicating that when the particle 
concentration is increased so that the extinction 
is greater than about 70%, the proportional 
obscuration progressively diminishes. The ex¬ 
planation given for this fact is that the direct 
beam is augmented by scattered light passed on 
by multiple reflection. Since, however, such 
high concentrations are not normally used, no 
serious error from this cause need be expected. 

(б) The optical constants of the particles, 
which are involved in the extinction coefficient, 
are independent of their size. Schweyer and 
Work (p. 17)*® consider that only for cement 
and silica is this assumption supported by avail¬ 
able experimental data. Earlier work by 
Traxler and Baum®® had also sii^gested that, 
from this point of view, cement was more suit- 
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able for examination by the method than were 
some other powders. This is undoubtedly a field 
in which further research is needed. 

(c) The shap(‘ factor, upon which the extinc¬ 
tion coefllcient also depends, does not vary wdth 
particle size. With diminishing size the particles 
of many substances may become more nearly 
spherical, but insufficient is known to enable the 
importanc*e of this, and the fact that the parti(;lcs 
are oriented during settling, to be assessed. 

{(I) There are no efieets connected with the 
optical constants of the auspending medium. 
Errors could conceivably occur through the 
preferential absorption of certain wave-lengths 
by the medium. Since photo-cells are colour 
sensitive, it would be preferable, on these 
grounds, to use monochromatic light. The 
reason this is not generally done is probably that 
the difticulty of obtaining a sufficiently intense 
beam (and so a suitably large galvanometer 
deflection) is increased if wliite light is not used. 

(c) The conditions, which apply to all acali- 
mentation methods, of absence of convection 
and int(‘rferencc between particles, are fulfilled. 
The method compares well with othc^rs in that 
the concentration of particles used is very low, 
usually being not greater than 0-02% by volume, 
so that the ideal of free settling conditions is 
closely approached. 

There are several variations in light-extinction 
ajiparatus w hich are worthy of notice. In order 
to reduc'e the time taken for an analysis down 
to 1 or 2 p., both Wagner's apparatus'**^ and that 
of jRichardson have optical sy.stcms wffiich can 
be raised and low cued. In Heywood’s ap¬ 
paratus,-® on the other hand, the analysis is 
speeded up by caiTying out eight determinations 
together. The optical system, pivoted at one 
end, c an be rotated so that the light beam passes 
through any one cjf nine similar c-ells. The ninth 
cell, which contains the clear dispcu*sing liquid, 
serves as a blank for the whole* batch of samples. 
This prcx’edure has the advantage that the in¬ 
tensity of the incident light is measured through¬ 
out a t(*st using only one photo-cell. No error, 
therefc^re, is caused by any change which may 
occur in the response of the cell. 

Another method of shortening the time taken 
by the analysis is described by Richardson. 
The suspension, after being allow ed to settle for 
a knowTi period, is photographed and the rec'ord 
examined photometric ally. This technique may 
also be applied to su.s 2 )erisions settling in a 
centrifugal field. 

In Wagner’s turbidimeter, the thickness of the 
beam (3 cm.) seems unnecessarily^! large. Other 
Avorkers 2®* ^7 have found it possible to reduce 

this dimension considerably. 

The largest size of particle which can be 
measured by the method depends upon the 
differential density, height of fall, and viscosity 
of the medium. In practice, if small particles 
are present, the scope for adjustment of density 
and viscosity is rather limited, owing to the 
uncertainty which exists in regard to the 
agglomerating effect of the mfedium. If an 
accurate measure of the size of the largest 
particles is required, the best course is probably 
to separate these by preliminary sedimentation, 
and then make light-extinetion measurements in 


a viscous medium. It is, however, quite feasible 
to measure the size distribution of silica, for 
example, from 50 /x. downwards in one operation 
in water. 

The uncertainties which attend the light-ex¬ 
tinction method have boon commented on above. 
When comparison is made with other sedimenta¬ 
tion methods, it is probable that these are more 
than compensated for by the very low particle 
con(;entratioii which it is possible to use. 

The method has attracted great interest during 
recent years, and has been adopted in America 
as a standard for the testing of cement.^^ 
Most of the available comparison figures with 
other nn^thods refer to cement. Lea^** reports 
good agreement with Andreasen and air- 
elutriation methods down to a size of 7-5 /x., and 
Roller and Roundy (p. 44)'*- with the air- 
elutriator between 00 /x. and 7-5 ft. Klein 
(p. 63)*^ has found a measure of agreement 
between turbidimeter and hydrometer, h’or 
zircon, however, it is reported (p. 21 )'*^ that the 
light-extinction method yields the analysis of a 
finer powder than does the pipette method. As 
the faults in the light-extinction method should 
Iciad to under-estimation of fineness, there can 
be, presumably, a still greater error in the same 
tlirection in the Andreasen method, due to the 
higher concentration used. 

(viii) Analyfiis by Klutrlation .—In elutriation 
analysis, {Stokes’ law is ap])lied to calculate the 
limiting velocities recpiired to float off particl(‘s 
of a definite size. Roth air- and waiter-elutriators 
have been widely used. 

In the particle-srze air-analyser of Roller®^ a 
regulated stream of air is passed through the 
powder, which is contained in an oscillating glass 
U-tube. The stream passes uj)wards through a 
wdde settling (diamber, and the undersize 
particles are trapped in a paper thimble. .4 
considerable time is required for the coinplete 
sj>litting-up of the aggregates, and a method for 
computing the “ end-})oint ” is described by 
Roller and Roundy (p. 38).'*® 

The “ infrasizer ” of Haultain*’ comprises six 
conical separating chambers joined in series, so 
that a corresponding number of sized fractions 
are obtained. The diameters of the tops of 
successive separators are in v'2 ratio. The 
battery of separators is shaken continually, in 
order to keep the sides free from accumulated 
dust. The “ infrasizer ” has been used for 
analyses down to 6 /x. It is stated to give highly 
concordant results, with exceedingly sharp 
“ cuts.” 

Air-elutriation provides a suitable method for 
size analysis when knowledge of particle or 
“ agglomerate particle ” size in air-dispersion is 
desired. It possesses the disadvantage tliat 
comparatively large quantities of powder are 
required. Several workers have found a con¬ 
siderable divergence between the calculated and 
actual limits of the size ranges of fractions 
obtained. This has been ascribed to the shape 
factor, to incomplete dispersion, and to lack of 
uniformity in air velocity over the cross-section 
of the separators. 

The most useful application of water-elutriators 
would appear to be in the size analysis of heavy 
mineral ores, since a large differential density is 
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advantageous. TJie elntriators are usually of 
the series type; ludsi eoniraonly“* ** three 
vessels are eiujdoycd. 

The M easurcrnent oj'Sj)ccijic Surface, or Average 
Particle, Size. —The methods deseribed in the 
foregoing give information as to the distribution 
of sizovs of th(^ particles in a powder. By as¬ 
suming a sha[)e constant, the size-distribution 
data may be used to calculate the specific sur¬ 
face.The values so obtained must be regarded 
as more or loss ai-bitrary, since a large proportion 
of the surface of a powder may l)e associated 
with the particles smaller than the lowest sizci 
actually meci^^ured. There exist, however, several 
nudJiods wliereby specific surface may bti 
measured directly. 

(r) Adsorption Methods. —During rec'ont 
years Emmett and his (‘ollaborators have 
dev(‘Io[)ed a low-temperature gas adsorjhion 
method for measuring fhe surface areas of 
metallic catalysts, and have successfully ex- 
tcuidcd it s ay)])lication to the examination of pig¬ 
ments, eai'bon bhicks, eeinent and other finel}’’ 
divided solids. The gases most extensively used 
have b(U‘n nitrogen and helium, on account of 
their inertness. In essence the method consists 
in d(‘termining the number of molecules of gas 
recjuired to give a uniraolecular layer. Know¬ 
ledge of t he crojil-sectional area of thc^ gas mole¬ 
cule enables the surface of the adsorbent to be 
caleulated. The adsorption isotherms obtained 
experimentally are of an S-shaped form, with a 
long linear middle })ortion, the lower extremity 
of which was chosen by Emmett, origin.ally on 
empirical grounds, as the point corresponding 
with tlu^ completion of the monolayer, l^he 
adsorption is carried out at about using 

li(pjid nitrogen in the surrounding bath. Excel¬ 
lent agic'cment with the electron microscope for 
the mean diameter of cai’boii-black particles was 
found, and with permeability measurement and 
ultj'amicroscopical examination for zinc oxide. 
The method would seem to be an exceedingly 
valuable one for the evaluation of those materials 
which are too fine for the application of the 
customary size-analysis mc'tliods. It is, of 
course, only applicable to non-porous materials. 

Adsorption from solution as a method of 
det('rmining average particle size has been sug¬ 
gested by many workers, amongst whom may be 
mentioned Ewing (p. 107)'*“ and Imre.-*^ | 

(d) Permeability Measurement. —Perme-i 
ability methods of measuring specific surface are 
based on the Kozony equation for the flow of 
a fluid through a rigid bod of parti(;les. The 
equation may, for this purpose, be written in the 
form 

'^{APA€^mi-€)^7j VpL} 

where S is the specific surface (sq. cm. per g.), 
AP the fall in pressure across the bed in dynes 
per sq. cm., A the cross-sectional area of the bed 
in sq. cm., c the fractional voidage of the bed, k 
the Kozeny constant (6-()), rj the viscosity ofthe 
fluid in poises, V the rate of flow in ml. per sec., 
p the density of the particles in g. per ml., and 
L the thickness of the bed in cm. 

The development of the method is due 
primarily to Carman,®' ® who has studied the 
flow of hquids at constant pressure through beds 


of a number of different materials of varying 
size ranges. For zinc powder and for silica the 
validity of the method was firmly establish( m 1 
(to an accuracy of ±5%) for particles down to 
2 /a. It is imi^ortant that the liquid should bo 
capable of completely wetting the particles, 
otherwise serious undcr-estiraation of specific 
surface would ensue. Comparing the results 
with those of air-permeability mcasiireraents. 
Carman (p. 27)^^ concluded that, for particles 
below 50 p,., the air method, owing to the effects 
of incomplete dispersion, underestimates line- 
ness. Gooden and Smith report results in the 
same sense. On the other hand, Lea and 
Nurse-® put forward the view that the air- 
permeability results are more accurate, sug¬ 
gesting that, in the presence of liquid, the 
porosity of the bod is reduced by adsorbed films. 

I These authors find support for their contention 
i in the fact that, for cements, the surface mean 
diameter calculated from sedimentation data 
I agrees more closely with air-permeability mea¬ 
surements. As has been pointed out above, 
how(^ver, calculated specilic surface values should 
be accepted with some reserve. 

Despite the uncertainties referred to, the per¬ 
meability method is undoubtedly one of the most 
convenient for the measurement of average 
particle size for routine purposes. This applies 
esj)ecially to the recent modification of the air- 
permeability method put forward by Rigden,^^ 
which avoids the necessity for maintaining an 
accurately rneasurctl and constant rate of flow. 

(c) Tufbidimetric Method. —For particles 
which are small compared with the wave-length 
of light, the size may be evaluated by application 
of Rayleigh’s law, from which may be deduced 
the relation that the logarithm of the ratio of the 
transmitted light to the incident light varies 
directly as the cube of the diameter ami in¬ 
versely as the fourth power of the radiation. 

For systems in which the partiedes arc distri¬ 
buted over a wide range of sizes, the principles 
which govern the transmission of light are the 
same as those which have been discussed in the 
description of the light-extinction size analysis 
method. The use of extinction measurements 
for the calculation of specific surface is, therefore, 
onl}^ strictly valid when particles smaller than 
about 2 p.. arc absent. When this is realised, 
however, the measurements can still be of great 
value when used in a relative manner. 

For spherical particles or particles in a state 
of random orientation, as in a stirred suspension, 
the ratio of total surface to projected area is 
equal to 4, so that, applying the Ijarnbert-Beer 
law the 8i)ccifie surface is given by the formula 

S^i^llc) logo (lallh 

where la is the intensity of the incident light, 1 
that of the transmitted light, / the length of the 
light path, and c the concentration of particles. 
This type of measurement is simple and may be 
made rapidly, and possesses the great advantage 
that it can be used when only small quantities 
of material are available. 

Conclusion. —The existence of such a great 
variety of methods for particle-size measure¬ 
ment arises from the necessity for treating each 
size-analysis problem on its merits. The reasons 
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for this hav(; been briefly indicated in the intro¬ 
duction to this article. It will be evident that 
most of the methods involve a dispersion 
problem. For many purposes it is desirable to 
test the particles in conditions where dispersion 
is as complete as possible. Most work on dis¬ 
persion has been on empkical lines, but a paper 
by Andreasen ^ contains much useful infor¬ 
mation, including a description of tests of 
dispersion relating to some powders lor which 
size analysis is commonly required. 
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PARTITION FUNCTION. The parti- 
tioii function is a pluase coined by the late ISir 
Ralph Prowler to convey in our language what 
Max Planck meant by the composite German 
noun die Zustandsumme. As its name implies, 
the partition function is a dimensionless quan¬ 
tity. It summarises in convenient mathematical 
form the way in which the energy (and other 
properties) of a colony of molecules is distributed 
or partitioned among the molecular inhabitants. 
It is a function of the molecular weight, the 
temperature, the molecular volume, the iuter- 
nucloar distances, the molecular motions, and the 
iniermolecular forces. When its relation to all 
these is establislied, the whole story of the mole¬ 
cule in question is known. To explain how the 
notion of the partition function has caught on 
so generally or been so extensively employed 
would be to write an account of the growth of 
modern statistical mechanics. In brief, the ex¬ 
planation is that the partition function provides 
the most convenient bridge yet devised to link 
the microscopic properties of individual mole¬ 
cules (such as their discrete energy levels, 
moments of inci*tia, and dipole moments) with 
the macroscopic properties (such as molar heat, 
entropy, and polarisation) of a system contain¬ 
ing a large number of molecules. 

Definition.—In any system of molecules at 
equilibrium, the number of molecules possessing 
an energy c each is proportional to the Boltz¬ 
mann factor, , where c is the base of the 

natural logarithms, e is the energy of one mole¬ 
cule, h is the Boltzmann constant (l*372x 
erg per degree), and T is the absolute tempera- 
tuie. In such a system, there will be a certain 
number (say N^) of molecules possossmg energy 
each; another number (say iVg) possessing 
energy Cg ('ach ; and so on. The total number, 
A'j of molecules in the system is 

^ 2 +^ 3 + . . . . ( 1 ) 

and the total energy of the system is 

. . . =2:JViei (2) 

The partition }unctio7iy which is usually denoted 
by /, is simply the sum of all these Boltzmann 
factors, i.e.y 

As the molecular energy increases, the Boltz¬ 
mann factor decreases. Energy among mole¬ 
cules is not unlike money among men: the poor 
are numerous, the rich few. The series repre¬ 
sented by equation (1) thus rapidly converges, 
and, although in principle we should always sum 
to infinity, in practice it is sometimes suflScient 
to count only the first ten terms or so. For 
generality, equation (3) is therefore summarised 
as follows: 

i^co 

.... (4) 

i»0 

where ei is the energy possessed by a molecule 
in the i’th state. 

The Boltzmann law, to which reference has 
already been made, may be expressed mathe¬ 
matically as follows: 

.... (6) 
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where A is a constant for the system considered. 
Similarly, for the numbers of molecules occupy¬ 
ing groups in the higher energy-levels, we have 

• • •» 

and so on. Adding, and using equation (.3), wo 
see that 

N=^Kf .(6) 

in which N is the total number of molecules in 
the system. Eliminating K from equations (5) 
and (6), wo see that jf^ or, 

generally, that 

... (7) 

From this equation we note that the partition 
function, /, bears the same relation to the total 
number of molecules, JV, as the Boltzmann 
factor bears to the numb(‘r, iVi, of molecules in 
the specified energy level, The partition 
function may thus be regarded as a generalised 
Boltzmann factor. 

The partition function defined by equation (4) 
may bo more precisely termed the molecular 
partition function. The grand partition function, 
F, is related to it as follows : 

F=f .( 8 ) 

The Relation of the Partition Function 
to Certain Thermodynamic Functions.— 
liquation (3) may bo differentiated with respect 
to temperature at constant volume. This gives : 

((J//dr)„=(ei/fer2)e“*‘'*^+(<j/fe7’a)o"«2^*'’'’+ ... 

00 

=(i/fcr2)2€io”'<'*'^ . (9) 
0 

On multiplying throughout by dividing 

throughout by /, and noting that dxjx equals 
d(lnx), the following expression is obtained: 

00 

. (10) 

0 

It is possible to substitute for the various ratios 
in , this equation the number ratios to which, 
according to equation (7), they are equal. It is 
then found that: 

N/cT2{d(ln/)/dT}t,-iV^i£i+Na€24-A'3^3+ ■ • • 

00 

(11) 

0 

Clearly, the sum of the various products (number 
of molecules in a given energy group) x (energy 
of each molecule in that group) represents the 
total energy, E, of the whole system of N mole¬ 
cules. Hence, combination of equations (2) and 
(11) gives; 

E^NhT\d(\nf)ldT}„ . . (12) 

which is the general relation between the total 
energy, E^ 6f a system of N similar molecules at 
constant temperature, T, and the molecular 
partition function, /. 


When a system is at equilibrium, the mathe¬ 
matical probability, W, of its existence has a 
maximum value; and its entropy, S, has also 
a maximum value. That there is a relation 
between the two is obvious, but it was Boltz¬ 
mann who first concluded that S is solely a 
function of W and that the relation must be a 
logarithmic one. By virtue of the Third Law of 
Thermodynamics, which has been established 
during this century, Boltzmann’s relation may 
now be expressed in the simple form ; 

>Sf=^*lnTr .... (1.3) 

The mathematical probability of a system is 
defined as the number of distinguishable ways in 
which that system can be realised. N molecules 
may be arranged in Nl ways, but not all these 
arrangements are distinguishable. If mole¬ 
cules have all the same energy, arrange¬ 
ments within this group lead to indistinguishable 
configurations. Similarly, interchange among 
the Ag rnolecules in the group having energy eg 
per molecule leads to no new distinguishable 
arrangements. The total number, Nl, of con¬ 
ceivable arrangements must thus bo reduced by 
the product Ag! Ag! . . , since each of these 
numbers represents the number of ways in which 
molecules in a given energy group can bo 
arranged. Thus: 

IT-Al/Ai! Ag! Ag! . . . -A!(/7^Ai!)“i (14) 
By combining equations (13) and (14), and 
making use of Stirling's approximation, 

lna:!=.rln.r—ar, , . . (15) 

which is valid when x is large, equation (13) may 
be cast into the following form: 

.9//c-lnlF-=AlnA-A 

A\\nN^-NA 

N^^N^-nA . _ , ( 16 ) 

According to equation (1), however, the numbers 
in the last column cancel out, leaving 

^/fe=AlnA-27AilnAi . . (17) 

By writing equation (7) in logarithmic form, it is 
seen that: 

lnAi-=lnA—(ei/fcT)—In/ . . (7) 
and consequently that: 

^ Ailn Ai- AilnA-(.Viei/feT)~ Ailn/. 

The sum of all such terms is 
AAiln Ai= A^ln A"- (Aic^/leT) - N^lnf 
-f Agin A-( AgCg/fcT) - A^gln/ 

+ Agin A-(A 3 € 3 /fcT)-Agin/ 

-f . • • . • • • • • 

~NlnN—E{NieilkT)'~Nlnf ... (18) 

By means of equation (2), therefore, 

{S/k)={ElkT)+N]iif . . . ( 10 ) 

By substituting for E the expression already 
derived (equation (12)), the general relation 
between the entropy, 8, and the partition func¬ 
tion, /, is arrived at: 

^=.A/c[ln/4-T{d(ln/)/dT}J . (20) 
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Helmholtz defined the free energy, or maxi¬ 
mum work term, A , as follows : 

A^E~TS .... (21) 

On inserting the general expressions derived 
above for E and S, this becomes: 

A--A7cTln/ . . . (22) 

Equations (12), (20), and (22) may be regarded 
as key equations, from which the rclationshi])H 
between / and most of the other thermodynamic 
functions may readily be derived. The i)ressure, 
P, for example, is deiinod thermodynamically as 
follows ; 

P=—{dAldV}j. . . . (2;() 

In terms of the partition function, therefore, it is 
clear from equation (22) that the pressure; is 
expressible as follows : 

P.-A7fiT{d(hi/)/dTlj, • . m 

Similarly, the thermodynamic definitions of the 
isothermal compressibility, and of the specific 
heat, Pt)> at constant volume, which are, resi>ec- 
tively, 

i5=-(l/F)(<07(17>)y . . (25) 

and Cv--^(aiCldTh ■ ■ . (-’»>) 

readily lead to the following relationships, based 
on equatioiiH (12) and (24): 

1 ~ NkT 1 '{d2(ln/)/d V% . (27) 

N/c[T2{rf2(ln/)/dT2),4_2T{d(ln/)/dPW (28) 

Every thermodynamic equation may likewise 
be related to the partition function. 

Examples of Simple Partition Func¬ 
tions.—From equation (3) it is obvious that 
the partition function can always be evaluated 
numerically when the discrete energy levels of 
the molecules are knowm. These levels may 
be found either experimentally, by analysing 
the absorption or emission of radiation in the 
various spectral regions, or theoretically, by 
solving the Schrodingcr equation for the appro¬ 
priate molecule motions. The former method 
is the only one at present available in the study 
of complex molecules. The latter method is 
applicable to simple molecules, or to simple 
motions executed by complicated molecules, 
and certain examples afforded by it may now be 
discussed. 

{a) Free Linear Motion .—For the linear 
motion of a point particle, of mass w, moving 
freely along a length Z, the discrete energy levels 
allowed by quantum laws are; 

€={hVI8mP); w-1, 2, 3, . . . (29) 

According to equation (3), the partition func¬ 
tion is accordingly 

n=0 

With sufficient accuracy for most purposes, the 
summation yields the following result: 

f^{27TmkT)mih . . . (31) 

When an atom, or a coherent group of atoms, is 
being tom from the remainder of a complex 
molecule, its relative motion when it is about to 


break away resembles linear translation in a 
force-free field. Equation (31) is thoroforo of 
intei’ost in chemical kinetics. 

{b) Free Superficial Motion. —The same con¬ 
siderations, Applied to the motion of a point 
particle free to move simultaneously along a 
length Zj in one direction and a length /g in 
another direction at right-angles to it, lead to 
the partition function ; 

f-{{2rTmkTyi\lh) . {{2nmkT)m.fih] . (32) 

But ZjZg, which may be denoted by 0, r(;prcsents 
the area accessible to the molecule, so that 

f^{’27riukTO/h'^) . . . (33) 

This equation is the general jum})ing-off’ ground 
by statistical theory for the treatment of surface! 
j)h(‘nomcna, such as interfacial tension and 
superti<-ial adsorption. 

(r) Free Motion in a (^onfined Space. — Suppose 
the particle were capable of performing free 
superficial translation on a ])lane area, (), and 
simultaiK'ously of executing free linear motion 
of extension Z.^, in a direction at right-angles to 
the plane. W e sluaild then liud for the partition 
function the product 

f--[27TmkTOlh-) . \{2TrmkTy%!h\ . (34) 

[Now 0/,j is the volume, v, accessible to the 
I molecule; heneo 

I J^{27T7nkiyihd,h^ . . . (3.5) 

which is the partition furndion for a point 
particle, of mass w, fr(;e to move in (but confined 
to) a cell of volume v at temperature, T. 

(d) Free Motion in a Shared Space. — lv(;t us 
consider a number, A\ of chemically identical 
molecules, each of which is capable of fret; trans- 
latory motion within a cell of average volume, v. 
By equation (8), the grand partition function is 
{{2'TTmkT)^lh)lh'^]^ . Suppose the molecules, in- 
steatl of being confined to the N different c(;lls, 
were interchangeable, each interchange k'ading 
to a new molecular configuration which is in¬ 
distinguishable from the original one. 3die 
grand partition function for the new system 
would be {{27TnikT)^l'^vfh^}^I since A'! is the 
number of arrangements of N particles. The 
system thus envisaged con’esponds to that well- 
known and very helpful conception of the 
chemist known as the ideal gas, in which a total 
volume V is shared by N molecules, each occupy¬ 
ing on an average a volume v (~ V/N). l.^se of 
equations (8) and (16), leads to the following 
partition function for an ideal-gas molecule of 
mass niy at temperature T : 

. . . (30) 

{e) IIarmo7iic Motion. —According to the 
quantum theory, the energy of a linear oscillator 
executing simple harmonic vibration of fre¬ 
quency V is 

€-(«+i)/»r; 5-0, 1, 2, . . . (37) 

The partition function is therefore 
oo 

+ \)hvlkT ^^-hvl2kT 
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But Hince 1 . . . ~(1—it fol¬ 

lows that 

f . . os) 

When the vibratory motion of a molecule about 
a mean position of equilibrium may be resolved 
into three vibratory motions, each of which is a 
simple harmonic one, the partition function 
becomes 

f^Q-i(hvi + hv2-\ hvi)lkT __^-hvilkTy-l ^ 

(i_c-hv3/fcr)-i (39J 

when the frequencies are different, and 

^-3hv/2fer(i_,-/.WM-)-3 . . (40) 

when the frequencies arc identical. Details 
being omitted, this is the partition function 
which corresponds to Einstein’s familiar treat¬ 
ment of the specific heat of monatomic solids, 
such as diamond. 

( / ) Frp-e Rotation. —The energy levels allowed 
by the quantum theory for the free rotation of 
a rigid i)artich! of moment of inertia / are 

£ */(J-fl)(/i2/87r2i); J-1,2, :i, . . . (41) 

This rotational energy, however, can be realised 
in (2J“f-l) Avays, each corresponding to a 
separate solution of the Schru(linger e<iuation. 
The partition function is accordingly : 

. (42) 

0 

The summation is readily evaluated when 
(2.7+l)/i2/87r2T is much loss than k7\ Avhich 
holds for massive molecules generally, but for 
light molecules only at high temperatures. The 
result is 

/-(87ri/c77/t2) . . . (43) 

If the rotator is symmetrical, this partition func¬ 
tion must be reduced by an integer, a, which is 
equal to the number of indistinguishable per¬ 
mutations obtained by the rotation of the 
molecule. Hence 

/-(87r27fcT/<T/|2) . . . (44) 

Elementary Applications of the Parti¬ 
tion Functions.—In conclusion, a few examples 
may be given to show how these considerations 
enable us to derive theoretical expressions for 
macroscopic properties, such as free energy, 
entropy, internal energy, and specific heat of 
simple molecular systems in terms of micro¬ 
scopic properties of the molecules comprising 
them, such as the moment of inertia, the mole¬ 
cular weight, and vibration frequency. 

By combining equations (22) and (43), the 
rotational free energy of a system of N asym¬ 
metric (a==l) rotators of moment of inertia 
becomes 

A^-NkT]n(S7rUkTlh^) . . (46) 

By combining equations (20) and (26), and 
noting that 

v==:kTlp .(46) 

the translational entropy of an ideal gas, of 
molecular weight m, at a pressure p is 

>S'-i\ri(f[f4ln{(2vmlrT)8/8|cT/li®p] . (47) 


If P denotes the pressure in atmospheres, and 
M the molar weight (oxygen —10), this equation, 
after inserting numerical values for the con¬ 
stants, yields the following expression for the 
molar translational entropy: 

>Sf-ti«ln.l7+f/ilnr-/tlni^-2-300 . (48) 

The internal energy of a system of N three- 
dimensional harmonic oscillators becomes, ac¬ 
cording to equations (12) and (40): 

E -%Nhv Qoih. {hvftkT) . ( 10 ) 

By means of ecpiatioii (28), the corresponding 
expression for the specific heat at constant 
volume is: 

Cv^'iNk[{hvl2kT) coscch {hpj'IkT)}^- (50) 
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PASSIVITY.—Origin of the Word.— 

The term passivity arose out of a correspondence 
which passed between Schonbein ^ and Farada}' ^ 
in 1836. Schonbein described how, wdien iron 
AAdiich had been oxidised by heating in air was 
introduced after cooling into nitric acid of 
p 1*35, it remained unaffected; a specimen 
of unheated iron was violently attai'ked if 
introdu(‘ed without special precaution into acid 
of this concentration, but, if it was kept in con¬ 
tact with oxidised iron at the moment of its 
introduction, no attack took place, even after 
the two had been separated. If the unheated 
iron was then taken out and introduced into the 
acid in contact with a third specimen of iron 
(also unheated), this latter suffered no attack. 
Evidently it is possible to bring iron to a 
peculiar state in which the behaviour of ordinary 
iron disappears, and this state can be transmitted 
from one specimen to another. Schonbein 
referred to iron in this inert condition as passive, 
and iron in the ordinary, readily reacting con¬ 
dition as active. 

One characteristic of passivity phenomena is 
the manner in which the beha\nour of a metal 
depends on its previous history. In general, 
iron is violently attacked by dilute nitric acid 
(about p 1-2); when it is introduced into the 
concentrated acid (p 1*4), there is a slow reaction 
at first, after which the metal becomes passive; 
after “ passivation ” in concentrated acid, iron 
remains unattacked when introduced into acid 
of intermediate concentration (about p 1*3), such 
as would quickly consume ordinary untreated 
iron; it can even withstand acid of p 1*2 for a 
limited time before attack sets in. The actual 
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limits of concentration needed to determine 
activity or passivity vary with different samples 
of iron, but the same general principles seem to 
hold in all cases. 

Electrochemical Researches on Iron.— 
Tt was apparent from the first that electro¬ 
chemical factors are important in deciding 
between passivity and activity. Schonbein 
rendered unheated iron passive by anodic treat¬ 
ment in nitric acid, using a “ couronno dos 
tasses ” as the source of e.rn.f. Faraday made 
iron immersed in nitric acid alternately active 
and passive by alternate contact with zinc and 
platinum—which w'as equivalent to alternate 
cathodic and anodic treatment. The fact that 
in Schonbein’s experiments active iron placed 
in nitric acid sometimes became passive through 
contact with iron previously rendered passive 
(or with iron oxidised by heating) was duo to the 
c urrent passing betw’^eon the tw'o, the originally 
active specimen being the anode. 

Later experimenters studied passivity by 
applying an external e.rn.f. to a cell consisting 
of iron electrodes immersed in a solution of a salt 
or acid—not necessarily nitric acid. In general, 
the iron anode of such a cell will, at the outset, 
suffer attack at high cuirent efficiency, but if the 
current density is sufficient, anodic attack will 
practically cease after a certain time, and subse¬ 
quently almost the whole current flowing will 
be devoted to the evolution of oxygen (a slow 
dissolution of the iron will still continue, repre¬ 
senting perhaps 1% of the current). This change 
is accompanied by a shift of the anodic potential 
in the noble direction, so that after passivation 
a given e.rn.f. will force a smaller current through 
the cell than before it. In the experiments of 
Schoch and Randolph,^ the anodic potential 
(converted to the normal hydrogen scale) was 
usually between “-0-4 and —0*1 v. (according to 
the solution and current density) so long as the 
anode was active, but rose to high positive 
values (-1-I-4 to -f 1-9 v.) when passivity set in. 

If, after an iron anode has become passive, the 
current is turned off, the potential usually 
remains at a positive (passive) value for an 
appreciable time and then tumbles somewhat 
suddenly to a negative value characteristic of 
active iron. This tumble occurs much more 
quickly in acid solution than in neutral solution, 
and more quickly in sulphuric acid than in nitric 
acid (an oxidising agent). If, before the tumble 
takes place, the current is turned on again, the 
iron behaves as a passive anode, the current 
being devoted mainly to the production of 
oxygen; if the current is turned on after the 
tumble, it is devoted mainly to the dissolution 
of iron. 

Analogous Phenomena in Non-ferrous 
Metals. —Many metals, other than iron, when 
subjected to anodic treatment at high current 
densities, show a somewhat abrupt change to a 
state characterised by an abnormally high, 

“ noble ” potential, and by anodic products 
different from those normally met with at low 
current densities. But if the metal is one which 
forms a higher oxide soluble in the liquid 
used in the cell, dissolution does not necessarily 
cease when the potential rises to the “ noble 
level. For instance, a chromium anode at low 


I current tloiiKity will pass into solution at a 
I negative potential as a blue chromous salt. 
After a time, however, the production of 
chromous salt ceases, but if the e.rn.f. is suffi¬ 
cient, the anode will dissolve as yellow chromic 
acid. The formation of this energy-rich, highly 
oxidised substance requires a high potential (at 
least -f 1 -1 V.) ; if the solution contains an iodide, 
such values cannot be reached, since iodine can 
be liberated at about +0-6 v. and the potential 
therefore fails to reach the value needed for dis¬ 
solution in the hoxavalent state; this explana¬ 
tion of the action of iodides—previously mis¬ 
understood—was provided by Bennett and 
Burnham.* Other examples of metals which 
yield divalent compounds at low current- 
densities, but higher compounds at high current- 
densities, will bo found in a series of papers of 
Grube and his colleagues.® 

Some Continental investigators have used the 
word “ passive ” to cover cases where a metal 
passes into solution at an elevated potential to 
giv^e a highly oxidised, energy-rich compound. 
This extension of the term “ passivity ” to in¬ 
clude a condition in which metal is actually 
suffering corrosion has led to some confusion, 
and has made it necessary to seek a new word 
for those cases where the metal remains prac¬ 
tically unattacked; Machu ® has coined the 
word Icorrosionspassiv for this purpose. It seems 
better, however, to avoid the difficulty by using 
the word “passive” in its original sense to 
denote a condition in w'hich corrosion is absent 
or at least Very slow. 

Whilst iron and nickel, whoso oxides are 
soluble in acids and almost insoluble in dilute 
alkali, become passive easily in alkaline solution 
and wdth difficulty in acid solution, the opposite 
is true of metals like molybdenum and tungsten, 
which have oxides readily soluble in alkali but 
not in acid. A tungsten or molybdenum anode 
suffers corrosion at high current efficiency in 
concentrated alkali,’ but easily becomes passive 
in an acid bath. In general, oxidising agents 
favour passivity and reducing agents activity, 
whilst anodic treatment tends to render metal 
passive, and cathodic treatment to restore 
activity. Chlorides, bromides, and iodides, and 
to a lesser extent sulphates, militate against 
passivity. 

Films as Cause of Passivity.—The relation 
between passivity and the solubility of oxides in 
the liquid under study strongly suggests that 
passivity is connected with the formation of an 
oxide film on the metal. Although no visible 
change is noticed on iron when it passes from the 
active to the passive state, optical studies by 
Tronstad® (based on the principle that the 
presence of a thin film alters the character of 
polarised light reflected at a metallic surface) 
have shown clearly that a film develops on iron 
during anodic treatment under conditions lead¬ 
ing to passivity, and is destroyed—at least in 
part—during the cathodic restoration of activity. 
With Borgmann,® he has used similar methods 
to study the film on iron rendered passive with 
nitric acid, whilst Gulbransen^® has detected the 
loss of weight produced when iron thus passi¬ 
vated is heated in hydrogen—evidently owing 
to reduction of an oxide film. 
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Tho main objectior., formerly raised against the 
view that passivity was due to an invisible oxide 
film was that iron could be rendered passive by 
anodic treatment in sulphuric acid, which (it was 
contended) would dissolve any film of oxide. 
Such an objection is hardly in accord with tho 
facts, since, although some oxides are quickly 
dissolved by acids, the direct attack by acids 
upon oxides of the type MgOg is extremely 
slow. This has long been known of oxides in 
powder form, and is equally true of oxide films, 
as was brought out in experiments by U. R. 
Evans on iron carrying visible films. Pure 
iron was heated in air to give interference tints 
of tho first order (due to a thin oxide film), and 
was then placed in dilute sulphuric acid, which 
quickly destroyed the colours. At first, this 
seemed to support the view that ferric oxide in 
film form was rapidly soluble in acid. But when 
the experiment was repeated with iron carrying 
thicker films (showing second or higher orders of 
interference colours), it was found that they 
peeled off in the acid, and when once the films 
Inid passed out of electrical contact wdth tho 
metallic basis, the solvent action practically 
ceased, so that the films could be kept for days 
in the acid without change. This suggested that 
the rapid destruction of the thinner films, when 
in contact with the metal, was due to the for¬ 
mation, at each crack in tho film, of the short- 
circuited coll 

Metal I Acid | Ferric Oxide. 

The ferric oxide, being the cathode, would be 
rapidly reduced to the ferrous state and would 
pass into solution. Such an explanation was 
supported by the fact that tinted iron placed 
in Hulphuri<! acid containing chromic acid (an 
oxidising agent which would prevent reduction 
to the ferrous state) could be kept in the acid for 
long periods without destruction of the colours. 

The rational way to prevent cathodic reduction 
(due to local cells) is to submit tho tinted speci¬ 
men as a whole to anodic treatment. It was 
found that a tinted iron anode joined to the 
electric circuit before its introduction into the 
liquid (so that current started to flow as soon 
as the metal touched the acid) was passive from 
the instant of introduction; the current was 
devoted to the'production of oxygen, and the 
colour due to the films remained undestroyed so 
long as the current continued to flow. A short 
interruption of current was found to be possible 
without destruction of colour or loss of passivity, 
but if the interruption exceeded a few seconds, 
the acid destroyed the colour by removing the 
film, and when the current was turned on again, 
the anode was found to be active, and suffered 
corrosion, no oxygen being produced. If the 
current was turned on again at the moment 
when the film had been removed from part of 
the anode but not from the whole, the anodic 
attack starting at the active portion undermined 
the remaining film, so that it peeled off. When 
once out of contact with the metal, it was fo\ind 
capable of remaining in the acid undestroyed for 
long periods. j 

These experiments show clearly that the rapid j 
destruction of visible oxide films on iron is not 
caused by direct dissolution of the ferric oxide, I 


but by cathodic reduction through local cells to 
the quickly dissolving ferrous condition. This 
disposes of the objection raised above. When 
it is remembered that anodic action favours 
passivity and cathodic action activity, the facts 
support tho view that passivity is really due to 
an invisible ferric oxide film similar to those 
responsible for interference tints on heated iron, 
but thinner, and formed under conditions which 
will allow of continuous repair at any cracks 
which may appear in it. 

Isolation of the Films from a Passive 
Anode. —The experiments on visible oxide 
films suggested a way of obtaining occular 
evidence for the presence of oxide films on a 
passive iron anode. U. R. Evansbuilt up an 
electrolytic cell on a microscope stage, containing 
iron electrodes separated by dilute sulphuric 
acid; the anode was inclined to the horizontal, 
and the microscope was focussed upon its sur¬ 
face. When current was passed through such a 
eeh, the anode at first suffered attack, but after 
a time it became passive, and oxygen was 
evolved, with cessation of corrosion. If now the 
current was stopped, and then very rapidly 
turned on again, the anode was found to be still 
passive, but if the cessation was prolonged, the 
anode was found to have become active, so that 
the iron suffered dissolution when the current 
was restarted. If tho momeht chosen for tho 
restarting of tho current was that at which the 
anode had become active on one part but was 
still passive over tho rest, the corrosion starting 
at the active portion undermined the film still 
present on the passive portion; thus, by alter¬ 
nate stoppage and restarting of the current, with 
suitable adjustment of tho conditions, the film 
could be made to peel ofi‘. When once it was out 
of contact with the metallic surface, the film was 
perfectly visible, and was found to bo capable 
of remaining in the acid without suffering dis¬ 
solution. This research showed clearly that an 
oxide film is present on the passive metal, but 
only becomes visible when stripped from the 
bright basis. It showed also that the film be¬ 
comes stable towards the acid, when once it is 
out of contact with the metallic basis, so that 
danger of reduction to the rapidly dissolving 
ferrous condition is removed. 

The anodic stripping of films in sulphuric acid 
has tho advantage that the iron salts formed 
cannot hydrolyse; the deposition of hydrated 
ferric oxide on the true oxide films, such as has 
always been known to occur when stripping is 
carried out in an aqueous solution of iodine,^* 
is thus avoided. The objection to the aqueous 
iodine method has been overcome by Vernon, 
Wormwell, and Nurse,^* who used a solution of 
iodine in anhydrous methyl alcohol, thus 
developing a valuable method suitable for the 
analytical study of the films isolated (v. infra). 

Mechanism of the Passivation. —The 
passage into the passive condition has received 
detailed study by W, J. Muller,^® using a hori¬ 
zontal anode surface carefully protected from 
movement in the liquid. An iron anode in sul¬ 
phuric acid solution first becomes covered up 
with a layer of ferrous sulphate solution, which 
in due course becomes supersaturated and 
deposits crystals of ferrous sulphate identifiable 
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in the polarivsing microscope. These crystals 
screen the greater part of the surface, so that, 
notwithstanding the fact that tlio total current 
flowing is diminished as the crystalline layer 
extends, the current density on the unscreened 
part steadily rises. When the current density 
has become very high, other reactions (which 
do not occur at Ioav current density, since they 
require more energy than the passage of iron 
into the solution as ferrous sulphate) begin to 
take place to a small extent; these include the 
formation of oxide films and even the evolution 
of oxygen. When once a film has formed over 
any point, it will interfere with j)assage of iron 
into the solution as ferrous sulphate, so that 
oxide film formation, once started, spreads over 
the whole surface ; subsequently the only 
possible reaction is the evolution of oxygen, 
which will then sweep away the microscopic 
crystals of ferrous sulphate, so that the surface, 
which is often dull during the process of passi¬ 
vation, becomes bright again. 

Miillcr has studied the dying away of current 
with time experimentally, and has compared his 
results with mathematical equations obtained by 
the combination of well-established laws of 
electrochemistry. Two equations can thus be 
developed,^® the first based on the assumption 
that a film of constant thickness is spreading 
sideways over the metal, and the second on the 
assumption that a film occupying a constant 
fraction of the electrode area is growing in thick¬ 
ness. The two equations are 

.d{(l/l(, —4j) —(I/jq) log^- (*o“1/H)} (1) 

. . ( 2 ) 

w’hcrc if^. ij, and i^ arc the currents at times 0, 
and respectively, and C\ A, and S are con¬ 
stants. Muller foujid that during the pa.ssi- 
vation of anodes consisting of different metals 
(e.< 7 ., iron, copper, and lead), equation (1) was 
obeyed during the opening stages, and equa¬ 
tion (2) during the later stages. This indicates 
that the film starts at certain points on the sur¬ 
face, and spreads sideways, the thickness being 
constant, until the greater part of the metal is 
covered; subsequently it begins to grow in 
depth. 

Time of Passivation.—The time needed for 

the attainment of passivity has been studied by 
Muller and others. It is shorter at high current 
densities than at low ones, is lengthened by 
stirring of the liquid, and depends greatly on the 
previous history of the iron and on the nature 
of the liquid. It is much longer in acid solution 
than in alkaline solution ; in neutral solution it 
is shortened by any preliminary treatment likely 
to cause even a discontinuous oxide film on the 
metal. 

Other studies of the time of passivation have 
been carried out by Shutt and Walton, who 
used a vertical gold electrode in potassium 
chloride or hydrochloric acid under conditions 
of violent stirring. Movement in the liquid pre¬ 
vents the accumulation of a supersaturated layer 
and thus militates against passivation. It was 
found that under these conditions there was a 
limiting current density (wJ below which 
passivity was never produced, however long the 


experiment was continued. At any higher 
current density (a>), the time of passivation {tp) 
was given by the equation 

tp{co-co^)=Q : . . . (3) 

where ^ is a constant, which in the stronger 
solutions was proporti(inal to the chlorine ion 
concentration, whilst coq was also proportional 
to the chlorine ion concentration over a wide 
range of conditions. Armstrong and Butler 
found a similar relation for a gold anode in an 
unstirred solution, whilst Roberts and 8hutt^® 
discovered that the same equation determined 
the time at which a chromium anode begins to 
dissolve as chromic acid at an elevated poteritifll 
—-a change which (whether or not it should be 
referred to as “ passivation ”) has, as indicated 
above, much in common with the setting in of 
true pa.ssivity on iron or gold. 

Other Views of Passivity.—The phenomena 
of passivity appear to bo satisfactorily ex¬ 
plained by the formation of films, and the 
existence of such'films on metal rendered passive 
either by anodic treatment or by immersion in 
oxidising agents is no longer in doubt. Never¬ 
theless numerous other theories of passivity 
have been, and continue to be, put forwanl. 
According to one group of theories, metals are in 
their nature passive unless they contain hydro¬ 
gen ; the activity engendered by cathodic; treat¬ 
ment is attributed to the introduction of 
hydrogen, and the passivity consequent on 
anodic treatment is ascribed to the removal of 
the same substance.Others ascribe passivity 
to a film of oxygen rather than oxide,w'hilst 
several theories have been advanced which 
associate jiassivity with electronic rearrange¬ 
ments within the atoms. 

Periodic Passivity and Pulse Trans¬ 
mission.—Certain phenomena which have al¬ 
ways awakened much int(;rest, although oven 
to-day their mechanism is not completely under¬ 
stood, are mot with under conditions inter¬ 
mediate between those which favour activity 
and passivity, so that a small change can tip the 
balance between one state and the other. These 
include “ periodic passivity,” whicn is discussed 
in detail by Hedges, 2 ® and the transmission of 
activity or passivity along wires, as in the experi¬ 
ments described by Heatlicote‘*1* and Lillie.-® 

Passivity as a Factor in Choice of In¬ 
dustrial Materials.—The avoidance of cor¬ 
rosion in chemical industry depends essentially 
on the choice of materials which will maintain 
themselves passive in the prescribed environ¬ 
ment, or on the adjustment of the environment 
so aU to render passive the materials which, for 
reasons of strength or economy, are forced on the 
user. There are certainly some materials, like 
gold and platinum, which are resistant to cor¬ 
rosion because they have little affinity for oxygen 
and other non-metals. There are, however, 
others, like aluminium, which possess great 
affinity, but which, despite the large free-energy 
decrease connected with their corrosion re¬ 
actions, actually suffer little or no attack owing 
to the facility with which they cover themselves 
with protective oxide films. In exceptional cir¬ 
cumstances (e.^., in presence of mercury), where 
the oxide film formed on aluminium assumes a 
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non-protectivc form, the rate of reaction may 
attain a rapidity which is almost sensational. 

The word “ passivity ” is, however, seldom 
used in connection with such materials as 
aluminium, being reserved—perhaps incon¬ 
sistently—to cases whore the metal passes easily 
between the active and passive conditions. 
Clearly such a state of affairs will be unwelcome 
to the industrial chemist. Sometimes materials 
which laboratory experiments might seem to 
indicate as suitable to an environment are found 
in service to be unreliable. In the laboratory, 
iron is violently eaten away by dilute nitric acid, 
but if introduced into concentrated acad, it will, 
aflcr mild incipient action, become passive. Jri 
industry, the exposure of a large surface of 
iron even to highly concentrated acid may bo 
fraught with danger, since the attack may start 
at some surface defect or site of in(ilusion, and, 
since any incipient a(‘tion which involves loss of 
oxide.s of nitrogen will locally increase the ratio 
HaO'.NoO.,, there is a chance that the attack, 
once started, may extend over the whole surface. 
Th(i danger will be less wdicro the “ wat(u* 
activity ” is artificially deyoressed, and it is 
interesting to note that nitric acid containing 
sul]>huric acid can often be used industrially in 
contact with steel, where nitric acid alone would 
involve risks of disastrous corrosion. 

Sincci tlic breakdown of passivity in nitric acid 
is connc(‘tcd with reduction from the tervalent 
to bivalent state, it would seem rational to 
adopt—for use in contact wdth that acid—a 
metal which is invariably tervalent. It is 
significant that aluminium, where reduction to 
the bivalent state is excluded, is hardly affected 
by nitric acid of compositions which w'ould 
vioUmtIy attack steel, and is indeed employed 
in industry for handling the higher concentra¬ 
tions. Even where (as around 30% concentra¬ 
tion) the metal is attacked too quickly to be 
attractive to the manufacturer, the raUi of cor- ^ 
rosion is far slower than that set up by the same ! 
acid on iron, the destruction per year being 
similar to what would occur in a few hours on 
mild steel. However, the presonco of a small 
amount of chloride greatly increases the attack j 
on aluminium, probably owing to the great 
solubility of aluminium chloride. Inclusions in 
the metal also stimulate attack. The use of 
high-purity aluminium will in general greatly 
increase resistance to corrosion, provided care 
is taken to avoid introducing contamination 
during rolling or fashioning. 

The introduction into iron of an element, like 
chromium, in which the bivalent state is far less 
stable than the tervalent, might be expected to 
improve its behaviour, and the resistance of the 
stainless steels to nitric acid of concentrations 
which would rapidly eat into ordinary steel may 
perhaps be explained^® by the fact that the 
chromium in the mixed oxide films, (Fe,Cr) 203 , 
stabilises the tervalent condition and prevents 
reduction. The resistance of stainless steel to 
water containing oxygen is probably due to the 
fact that the metii passes directly into the form 
of the mixed sesq iioxide, (Fe,Cr)j 03 (perhaps 
hydrated),* which ibuilds a protective film over 
the surface, wheregs iron free from chromium 
first passes into the water in the bivalent con¬ 


dition and is oxidised at q, slight distance to non- 
protective rust. Forrest, Roetheli, and Browm ^7 
found that water containing oxygen attacks 
film-free stainless steel at roughly the same rate 
as it attacks film-free iron, but, whereas the 
attack on the pure iron continues unchecked, 
that on the stainless steel falls off as.a film 
develops. 

The isolation and analytical examination 
of the protective film from stainless steel of the 
austenitic chromium-nickol class has been 
carried out by Vernon, Wormwell, and Nurae,^^ 
using their alcoholic iodine technique. The 
oxide film contains iron and chromium, but 
yjractically no nickel, and the ratio of chromium 
to iron in the film substance is always higher than 
in the metal, and incToases with the polishing of 
the surface, even though the polishing agent 
contains no chromium; if chromic oxide has 
been used in the preparation of the surface, the 
film becomes still richer in chromium. 

The alloys mentioned are not resistant to non- 
oxidising acids, but attack by such reagents can 
be greatly rcdin^cd if the material contains molyb¬ 
denum—which is clearly related to the fact, 
mentioned above, that molybdenum, although 
active in alkalis, tends to become passive in 
acids. 

Passivity as a Factor in Water-treat¬ 
ment. —Among the most efficient soluble in¬ 
hibitors used for rendering cooling-waters non- 
corrosive are sodium and potassium chromates. 
The sodium salt is of course the cheaper; some¬ 
times the dichromate is actually used, along 
with sufficient alkali to convert it to Na 2 Cr 04 . 
The protection is due to the fact that any iron 
salts formed at the numerous discontinuities in 
the invisible oxide film which exists on any steel 
surface after exposure to air are precipitated, as 
a mixed ferric-chromic hydroxide, in physical 
contact with the metal, repairing the dis¬ 
continuities ; thus corrosion is prevented so long 
as the water continues to contain sufficient 
chromate to carry out repairs at points of 
spontaneous craerking. The film on iron in a 
chromato-treated water contains both ferric and 
chromic oxides, the content of chromium 
diminishing with the period of exposure to air 
prior to introduction into the water, as shown 
by the analyses of Hoar.**^® 

Unfortunately here, as always, chlorine ions 
militate against passivity, and the chromate con- 
(;cntration needed to prevent rusting increases 
with the chloride content, as well as with the 
temperature of the water. It is impossible to 
specify a chromate concentration which will 
ensure that a water becomes non-corrosive, since 
this depends on the design of the plant; the 
additions must be increased if there are in¬ 
accessible places whore the water is stagnant, 
but can be reduced if the water is kept in rapid 
flow at all parts in the system. If the chromate 
concentration is insufficient, corrosion will occur 
locally and may be more intense than if no 
chromate had been added, since—for electro¬ 
chemical reasons —^the area suffering corrosion 
will be diminished more rapidly than the total 
attack, so that the corrosion per unit area will 
increase. 

The danger of local exhaustion of chromate— 
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with consequent intense corrosion—^is greatest 
at remote comers and crevices, and at places 
where debris, including particles of scale or rust, 
can collect. Other soluble inhibitors, such as 
silicates and phosphates, are also liable to cause 
intensification of attack, if added in insufRcient 
amount. The provision of a system of in- 
hibitive water-treatment which is both safe and 
efficient is one of the great needs of the day; 
some progress has been made by Thornhill,®^ 
but a complete solution of the problem cannot 
vet bo claimed. 

Passivity as a Factor In Protective 
Painting.—The fac t that certain paint systems 
may prevent corrosion of steel when the coats 
are not water-tight, and sometimes when they 
contain visible discontinuitios, is attributable to 
the use of pigments which maintain passivity. 
Here again chromates are among the most 
efficient. Highly soluble chromates would, of 
course, be washed out of a paint, whilst highly 
insoluble ones would fail to maintain passivity ; 
chromates of intermediate solubility are em¬ 
ployed, notably zinc chromate, n.snally in 
admixture with iron oxide. Lead pigments, 
including not only red lead but also metallic lead 
and certain lead alloys, are also much used as 
anti-corrosive pigments in the priming coat of | 
I)aints, and probably act by the formation of 
lead soaps, which are adsorbed on the metal. 
The fact that tliey do serve to render iron 
])a 8 sive is suggested by the potential stinlies of 
Burns and his colleagues,whilst their power 
of diminishing the con’osion rate is shown by the 
measurements of Lewis,who found that iron 
shaken in a tube containing water and air 
suffered much less attack if the water contained 
a suitable lead pigment than if an inert powder 
(or no powder at all) was present. 

Passivity in Electroplating.—Another 
situation where passivity attains industrial im -1 
portance is in plating; here it is generally 
required that the anodes shall dissolve smoothly | 
s 6 as to keep the bath replenished with the metal 
tvMch is being deposited. Consequently passivity 
is' ah undesired phenomenon, and efforts are 
made to avoid it by the introduction of chlorides, 

' by the regulation of pH at a suitably low value, 
or by the use of special anodes containing in¬ 
clusions which interfere with the maintenance 
of a continuous film. 
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PATCHOULI ALCOHOL, C^gH 
m.p. 56“, b.p. ]40°/8 mm., 0-9i)24, 
1-5029, Lo]u - 97'42“. Occurs' in oil 
Pogostemon 'patchouli. 

J. L. S. 

PATINA {V. Vol. Ill, 373a, 392a, c). 

PATRO N IT E . An inhomogeneous mineral 
substance, approximately VS 4 , containing about 
26% of vanadium. The name was originally 
given to a mixture of vanadium-bearing sub¬ 
stances associated with a steeply-inclined layer 
of an a.sphaltite c:allcd quisqueite, from which the 
patronite may have been derived. Patronite is 
soft and dark-green in colour, and has a dull, 
earthy lustre. It was until recently the principal 
ore in the famous vanadium mine at Minasragra, 
near Cerro de Pasco, Peru, the world’s foremost 
producer of vanadium. Patronite has now been 
superseded as the chief ore at Minasragra by 
other complex vanadium minerals. Between 
1939 and 1941, this mine exported annually 
about 16,000 tons of vanadium ore, with a 
vanadium content of approximately 1,100 tons. 

D. W. 

PATULIN, PatuUn is the name given by 
Raistrick (Lancet, 1943, ii, 626) to an anti¬ 
bacterial substance producec by the mould 
Penicillium patulum Bainier. It is also pro¬ 
duced by several other moulds, and has been 
shown to be identical witl “ claviformin,” 
isolated by Chain, Florey, and Jennings (Brit. J. 
Exp. Path. 1942, 23, 202) frora the metabolism 
solution of Penicillium daviform; with “clava- 
tin ” and “ clavacin ” is<>iated by Bergel, 
Morrison, Moss, Klein, Rinddrknecht, and Ward 
(Nature, 1943, 152, 760), nnd by Wakaman, 
Homing, and Spencer (Soieface, 1942, 96, 202), 
and Hooper, Anderson, Skell, and Carter (ibid. 
1944, 99, 16) from the metabolism solution of 
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Aspergillus clavatus and with “ expansiri ” 
isolated by Nauta, OoBtejrhuis, Linden, Van 
Duyn, and Lienske (Rec. trav. chim. 1945, 64, 
254) from the metabolism solution oi PeniciUium 
expausum Westl. 

Patulin crystallises from ether in colourless 
prisms or plates, m.p. 111 °. It forms a rmno- 
acetyl derivative, m.p. 118°, a phenylhydrazone^ 
m.p. 152-153°, and an oxime, m.p. 152-155°. 
As the result of chemical degradation it was 
identified as anhydro-S-hydroxymethylenetetra- 
liydro-‘)/-pyrone- 2 -carboxyiic acid by Birkin- 
shaw, Bracken, Michael, and Ilaistriek (Lancet, 
1943, ii, 625). Additional evidence for this 
structure was advanced by Bergel, Morrison, 
Moss, and Rinderknecht (J.C.S. 1944, 415) who 
also showed that the substance behaved as a 
mixture of several tautomeric forms (I-IV). 1 
Its chemical reactions are unexpectedly compli¬ 
cated . 

CO 

CH. 

“I I 

HX CH—CO" 

O 

1 . 

CO 

HaC C~CH.,v 

I I! 

H„C C-CO/ 


led to (I) as the most probable formula. Bergel 
et at., however, pointed out that tetrahydro-y- 
pyrone- 2 -carboxylic acid had only been obtained 
from patulin in a yield of 10 %, so that additional 
evidence was desirable to confirm the presence 
of the pyrone ring. They were able to provide 
the following further data in support of Rai- 
strick’s suggested formula. When treated iii 
ethanol solution with hydrogen chloride, patulin 
gave an oil which, on hydrolysis wit.h dilute acid, 
was converted into a crystalline ketochloro-acid, 
C 7 H 7 O 4 CI. This on hydrogenation gave a 
chlorine-free keto-acid, C 7 Hiq 04 , which on 
treatment with hydriodic acid was converted 
into a diiodo-acid, C^HigOglg. This on reduc¬ 
tion yielded y-keto-j 8 -methyl-ri-hoxanoic acid 
(IX). Hydrogenation of patulin, followed by 
treatment with hydrobromic acid, yielded a 
bromo-compound which was converted by reduc¬ 
tion into jS-a-propylbutyrolactone. The forma¬ 
tion of this compound and of the acid (IX) 
established the relative positions of all the carbon 
atoms, wdiilst the position of the fourth oxygen 
atom was established by a consideration of the 
intermediates leading to the formation of (IX). 
The diiodo-add was presumed to be a€-diiodo-y- 
keto-j3-methyl-w-hexanoic acid (VllI) and the 
mono-keto acid, 3 -methyltetrahydro-y-pyrone- 
2 -(;arboxylic acid (Vll). The chloro-acid was 
formulated as 3 -chloromcthylenetetrahydro-y- 
})yrone- 2 -carboxylic acid (VT), whilst the oil 
from wdiich it was formed w'as assigned the 
structure (V), which must have been derived 
from the tautomeric form (IV) of patulin. 
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The evidence advanced by Birkinshaw' et al. for 
formula (I) was as foUows. On boiling with 2 n. 
sulphuric acid, it yielded formic acid and tetra- 
hydro-y-pyrono- 2 -carboxyUc acid, which estab¬ 
lished the presence of the pyrone ring and the 
position of all the carbon atoms except one. 
With concentrated hydriodic acid, y-keto-c-iodo- 
n-hexanoic acid was formed and, on catalytic- 
hydrogenation, followed by further reduction 
With oonoentrated hydriodic acid and red phos¬ 
phorus, jS-methyl-y-hydroxy-n-hexanoic acid and 
jS-methylcaproic acid. These reactions fixed the 
relative positions of all the carbon atoms, and 
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CO 

2H. h.cT ' ^ \hch^ 

Hjc!: CHjCOOH 

IX. 

Attempts to synthesise patiilin have been un¬ 
successful ((/. Attenbiirrow, Elks, Elliott, Hems, 
Harris, and Brodriek, J.C.S. 1945, 571 ; Borrows 
and Hems, ibid., p. 577). 

Patulin completely inhibits tlie growth of 
Staphylococcus anreus at a dilution of 1 in 64,000 
to 128,000 and is equally effective against other 
Cram-positive and a number of Cram-negative 
organisms. This strong generalised anti-bacterial 
activity prompted Cye (Lancet, 1943, ii, t)25) 
to test patulin in the treatment of the common 
cold, and preliminary observations suggested 
that it produced rapid relief in this condition. 
These findings were supported by Hopkins' 
observations (ibid.) in a controlled trial on a 
number of volunteers, the results being ap- 
juirently statistically significant. In a subso- 
({uent investigation, however, by Stansfeld, 
Francis, and {Stuart Harris {Ibid. 1944, ii, 370) 
no significant effect was observed on the dura¬ 
tion or severity of the common (*old, and no 
satisfactory reason has ever been put forward 
as to why these two sets of clinical trials should 
have given results diametrically opposed to one 
another. 

Attempts to use patulin for the treatment of 
bacterial infections in experimental animals were 
also unsuccessful, as the substance proved to be 
very toxic. Its pharmacological properties w(‘re 
investigated by Broom, Biilbring, Chapman, 
Hampton, Thomson, Cngar, Wien, and WooHe 
(Brit. *1. Exp. Path. 1944, 195). The most 

striking change produced by lethal doses of 
patulin was severe lung oedema, and even small 
doses injected subcutaneously caused oedema not 
confined to the site of injection but occurring 
throughout the body; this led to ha?mocon- 
centration. Patulin also liad a local irritant, 
action on the conjunctiva, arrested the ciliary 
movement on raucous membranes, stopped the 
growth of fibroblasts in tissue cultures, and in¬ 
hibited wound healing. 8ub-toxic doses had a 
marked anti-diuretic action. Patulin, therefore, 
is valueless as a therapeutic agent, both for 
internal use and for local application. 

Patulin has a marked lethal action on certain 
fungi and has been tested as a fungicidal agent 
in the protection of plant seedlings against 
fungus attack. 

E. A. R. 

PAULI’S PRINCIPLE {v. Valency). 

PAW-PAW. The name commonly given in 
England to the Papaya {Carica papaya L., or 
Papaya vulgaris 1).C.), not to be confused with 
the American Paw-Paw or Custard-apple {v. 
mfra). 

The papaya is a melon-like fruit, approxi¬ 
mately 1 lb. in weight, and is eaten raw or 
cooked, or is converted into pickles and pre¬ 
serves. It is the commercial source of West 
Indian papain (v. this Vol., p. 216c). which 
occurs in the latex. The latter, after tapping, 
readily coagulates on exposure, and is rapidly 


sun-dried. The edible flesh of the fruit, con¬ 
stituting approximately two-thirds of the total 
weight, has the following analysis (Adnano, 
Philippine Agrie. 1925, 14, 57): Solids 11-12, 
Iirotein 0-3-1-2, fat 017-()-24, fibre 1-66, ash 
0-53%. Thompson (Hawaii Agric. Exp. Sta. 
Ann. Kept. 1914) also records the ripe flesh to 
contain: inducing sugars (largely glucose and 
fructose) 8*99, sucrose 0-54, organic acids (as 
(‘itric acid) 0*15%. The ripening process is 
associated with a steady increase in reducing 
sugar content but with little alteration in those 
of sucrose or acid. According to Bagaoisan 
(Philippine Agric. 1932, 21, 53) the fruit contains 
1-27% (dry weight) of phytin (?;. Vol. VI, 495c). 

The (Histard-applo (American Paw-Paw) is 
the fruit o*f a na tive American species, black- 
skinned and yellow-fleshed, highly valued for 
desert or as ingredient of beverages and pre¬ 
serves. Winton (“ Structure and Composition 
of Foods,” Vol. 11) quotes the following per¬ 
centage analysis of the edible portion (approxi¬ 
mately three-(piarters of the total weight) of the 
fruit : 


Water. 

Pro¬ 

tein. 

Fat. 1 

Nitro^jjcii- 

tVec 

extract. 

Ke- 1 
(Jnciiig 

SLiKara. 

Su¬ 
crose. 1 

Ash. 

70*6 

,5-2 

0-9 i 

IG-H 

.5-9 

2-7 

0 5 


A. U. Co. 


PEA. Pisiirn saliviun or P. an'cnsc. A 
leguminous plant common to moderate climates 
almost throughout the w'orld. The green im¬ 
mature seeds form the (common dome.stic 
vegetable; the fully ripened and dried seed is 
threshed and stored for human food or for the 
winter feeding of cattle. The leafy part of the 
plant may bo hayed and used as a stock feed for 
which its relatively high nitrogen, phosphate, 
and calcium contents are of value. Canned 
(green) peas, in recent years, have become an 
important item of diet. A soft-podded variety 
{P. sativum, var. saccharatam or P. sativum, 
gullosum), the French “ pois goulus,” of wdiicJi 
both seed and pod are edible is favoured in some 
parts of the European continent and in Amerit a. 
The innumerable varieties and hybrids of peas 
render botanical classification impracticable but 
in general the wrinkled surfaced (when dry) 
garden pea is commonly described as P. sativum, 
and the smooth (field) pea as P. arvense. 

As typical percentage analyses of peas, the 
following may be quoted : 



Solids. 

Pro¬ 

tein. 

Fat. 

Su¬ 

crose. 

Starch. 

iPotit 
pois . 

14-2~-18-8 

3-4-4-4 


0-7-0-9 

5-6- 8*5 

^ Marrow¬ 
fat . 

22-2-27-5 

51-6-7 


0‘4-0-9 

8-8-12-9 

2Dried . 

86-4 

23-4 

TO 

i 




Pento¬ 

sans. 

Total 

N-Ireo 

extract. 

Fibre. 

Ash. 

ipetit pois. 

0-7~0-9 


1-7-2-3 

1-0-1-8 

^Marrowfat 

1-0-1-6 

16-9 

1-0-F6 

1-6-2-6 

2Driod . . . 


52-7 

6-6 

2-8 


1 U.S. Bur. Chem. Off. Exp. Sta. 1909, Bull. 125. 

2 Ibid. 1906, Bull. 28. 
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The non'protein nitrogen may amount to 25% 
of the total nitrogen' in very young peas and 
averages 8-12% in the more mature stage at 
which they are usually marketed. Osborne and 
Campbell (J. Amer. Chem. Soc. 181)0, 18, 583) 
separated the pea proteins, which consist mainly 
of two globulins, legumin and vicilin, with 
approximately 10% of an albumin, legumelin. 
There are also present a proto- and a deutoro- 
proteose and small amounts of choline and tri¬ 
gonelline. A detailed examination of the pro¬ 
teins is recorded by Osborne and Hcyl (J. Biol. 
Chem. 1908, 5, 187). 

The nitrogen-free extract of peas includes an 
average of stanth 08, dextrin 10-5, and pentosans 
4%. O. Kellener (“ Scientific Feeding of 
AnimJils,” 1920) records analyses of the whole 
plant at different stages and of the seed and 
milling offals as commonly graded for stock 
feeding (all values, %); 




Pro- 

t(‘in. 


N- 




Water. 

Pat. 

free 

ex- 

Fibre. 

.4sli. 





tract. 



Grot'U plant 
(floweriiijz) 
11 ay (out at 

84'0 

4-0 

o-r> 

51 

1 

4-5 1 

1-4 

flower] tm) 
Straw (out 

167 

11-3 

2-6 

34-2 

25-2 

7-0 

ripe) 

Seed (air- 

130 

90 

1 6 

33-7 

35-5 

0-0 

dry) : 







Whole 

14-0 

22-0 

1-6 

7)3-7 

5-4 

2-8 

flusk . 

]2-() 

" 7-3 

1-2 

31-9 

44-7 

2-9 

Bran . 

1 1-7 

16-S 

1-7 

46-2 

20-1 

3-5 


The seed yields 1-2% of a pale yellow oil con¬ 
taining considerable proportions of lecithin and 
phytosterol. Recorded charac'teristics of the 
oil include: saponification value 188-5, neutral 
fat 58-7 (ether), 74 (petroleum), total fatty acids 
87-0, free fatty acids 11*0, lecithin 27-4 (ether), 
0*9 (petroleum), unsaponifiable matter 7*7%. 

From numerous published records of the 
vitamin content of peas (per 100 g.) the follow ing 
are representative: 



Vita min- 
A, 

I.U. 

'fhianiin, 

Bil.o- 

flaviij, 

Pg. 

.\.scor- 

hio 

aeid, 

mg. 

Fresh 

600-3,300 

3.'-)0-800 

50-250 

15-.30 

Frozen . 

400- 1,400 

300-600 


8-25 

(-aimed . 

400-1,100 

80-800 


5-20 


The ash of peas comprises : 

K 2 O. Na20. CaO. MgO. P 2 O 5 . SO 3 . Si02. Cl. 

41-8 1-0 5-0 8-0 30-4 3-5 0-0 1-5 

The minor mineral constituents include; Fe (>0, 
AI 10, Mn 8-14, Cu 4-11, Zn 34, As 0-26, 
B 8*4 mg. per kg. T. Y. Lo (Food Res. 1945, 
10, 308) reports that the carotene content of 
peas is increased by supplying small amoimts of 
zinc or nickel to the plants. 

A. G. .Po. 

PEACH. The fruit of Prunus persica, the 
original species of which were probably native to 
Persia and Southern China. Modem varieties 
are commonly classed as “ cling stone ” or “ free 
stone ” types, according to the manner of attach¬ 


ment or ease of detachment of the stone (or 
“ pit ”) and the flesh. The fruit is eaten raw or 
is canned for transport and storage. The larger 
American-grow n varieties average 150-200 g. in 
w^eight, and European-grown types 50-70 g. 
The stones repre'sent approximately 0 and 3-5% 
of the total weight of the respective types, and 
the edible pulp includes 75-80% of juice. 

The percentage composition of the edible flesh 
of the fruit is as follows : 




Total 

solids. 

Protein. 

Acids 
(us malic). 

AnH‘ri(-a-n 

Furopean 

13-21 

11-17 

0-35 j 

0-8-1 •] 1 

0-7 

0-5-M 



Sucrose. 

Ilediicing 

sugars. 

Tannij). 

American 

European 

5-7 

2-0-100 

2-0 

2-0-70 

0-06-0-22 


A tyj)ical analysis of the separated juice {p T042) 
records the lollowlng constituents in g. })er 
100 c.c. 


Solids. 

Pro¬ 

tein. 

Acids 

(as 

malic). 

lie- 

ducing 

sugars. 

Su¬ 

crose, 

Tan¬ 

nin, 

Asli. 

10-3 

0-4 

1-0 

3-4 


0-12 

0-46 


The acids present arc mainly malic and citric- 
acids, the proportions of W'hi(‘h vwy enormously 
in fruit from different .sources (Muttelet, Aim. 
Falsif. 1922, 15, 453). 

The ripening process in peaclics is as.sociated 
with a steady increase in both sucrose and 
reducing-sugar contents (per<*entago and absolute 
amounts), the disapptairanee of starch, and the 
transformation of piotopcct in into pectin wntb- 
out a])preciable change in the total amount of 
pectinous matter presemt. 

The stones yield a fatty oil, commercially 
known as “ peach-kernel oil,” amygdalin, and a 
protein, anandrin (Osborne and (\amiibell, d. 
Amer. Chem. Soc. 1^90, 18, 009). 

The odoriferous principle of peaches, examined 
by !V)wer and Cht^stnut {ibid. 1921, 43, 1725; 
1922, 44, 2900), consists largely of esters (formate, 
acetate, valerate, and caprylatc) of linalool. An 
appreciable amount of acetaldehyde and a trace 
of cadinene arc also present. 

Idle vitamin contents of poaches vary 
enormously according to source. The following 
ranges of values (per 100 g.) have been recorded : 



1 Vitamin- 
^1, 

I.U. 

Tluamiii, 

Pg. 

llibo- 

tlavin, 

Pg. 

Ascorbic 

acid, 

mg. 

Fresh . 
(’anned . 

300-3,000 

30-120 

30-90 

7-60 

2-18 

1-5 


Mineral constituents of the ash of peach flesh 
include : Kfi ()-20-0-32, CaO 0-01 MgO 
()-17-0-20, PgOg 0-046-0-053% of the fresh 
material, the total ash being 0*3-0*6%, Of the 
minor elements reported data show Fe 3*6, AI 
8*8, Cu 2*7, and Zn 0-2 mg. per kg. fresh weight. 

A. G. Po 
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PEAR. The fruit of Pyrus communis 
originally occurring in temperate regions of 
Euiope and western Asia. Many varieties are 
now grown including hybrids with the Japanese 
sand pear [F, seroiina). The small sour pear 
used in France and elsewhere for the making of 
perry is probably derived from the “ snow pear ” 
(P. nivalis). Dessert pears are normally picked 
while still hard and green and allowed to ripen 
in darkness. A typical analysis of green pears 
shows: HgO 83*9, protein 0-5(i, fat 0*79, N- 
free extract 11*5, fibre 2-7, ash 0-6%. 

Changes in composition consist mainly in a 
steady increase in sugar content and a smaller 
increase in acidity as shown in the following 
data : 



Water. 

Adds. 

Itc- 

dudiiK 

sui?ars. 

1 

Su¬ 

crose. 

'J’an- 

niii. 

Ash. 

Green . 
Kipe . 

800 

87-5 

0-4 

lO 

5-8 

124 

0 

5-8 

0-01 

01 

014 

0-37 

Pear juice (p 1'052) is reported to contain (g. 
per 100 c.c.): 

Solids. 

1 

]»ro- 

tein. 

Acid 

1 (us 
malic). 

Ile- 

dneing 

sugars. 

Su¬ 

crose. 

Tan¬ 

nin. 

Ash. 

13-3 

0-28 

0-75 

7-8 

2-0 

0-17 

0-35 


(Windisch and Schmidt, Z. Untera. Nahr.- u. 
Genussm. 1909, 17, 584). Malic and citric acids 
are the principal acids found. Eveii in the im¬ 
mature state pears contain appreciable propor¬ 
tions of acetaldehyde, which increase consider¬ 
ably as the fruit ripens. Juice of green fruit 
may contain 18-52 mg, of acetaldehyde per litre, 
the value rising to 200 mg. in over-ripe 
(“ sleepy ”) fruit. 

Pears are commonly conserved by drying or 
by canning and the following indicates average 
analyses of the processed fruit: 



Water. 

Protein. 

Fat. 

j 

Carbo¬ 

hydrates.! 

Ash. 

Dried pears 

]6'5 

2-8 

2-4 ' 

72-9 

2-4 

Canned . 

811 

0-3 

0-3 

18-0 

0.2 


Hiiber (Landw. Versuchs.-Stat. 1911, 75, 443) 
records the foUowing analysis of dried pear 
seed: 



Protein. 

Fat. 1 

Lecithin. 

Total 

sugars 

(as 

invert). 

Whole seed . 

39'4 

25*2 

0-8 

6'6 

Kernel . . 

51-8 

831 

104 

6-5 

Hull. . . 

11*4 

71 

0-66 

6-9 



Pentosans. 

Fibre. j 

Ash. 

Whole seed . 

6-7 

7-16 

4-19 

Kernel . . 

3-4 

2-14 

6-04 

Hull. . . 

14*3 

' 18-48 

2-31 


Characteristics of the seed oil are: 1’4727, 

saponification value 197, iodine value 126, acid 
value 2*3, unsaponifiable matter 0-5%. 

Pear loaves contain approximately 1% of 
arbutin which, on hydrolysis, yields quinol, 
small quantities of which have been detected in 
pear buds. 

Serferi {ibid. 1894, 45, 29) reported the pre¬ 
sence of a wax (m.p. 68^^) in the rind of pears. 
The vitamin contents of pears (per 100 g.) are 
reported by various authorities as: Vitamin-A 
less than 50 I.U., thiamin 2-50 ^g., riboflavin 
7-30 pg., and ascorbic acid 1-11 mg. (canned 
fruit 0*5-2-0 mg.). 

The mineral constituents of the fruit (total 
ash 2*5-3-5%) include: KgO 15, Na^O 1-3, 
CaO 0-25, MgO 0-2, 0-4, SOg 0-2, SiOo 

0*1%, together with Fe 3, Cu 2*2, Zn 1-6, and 
As 0*7 mg. per kg. of fresh material. 

A. G. Po. 

I PEARL (v. Vol. VIII, 238d). 

PECTIN. Under the heading “ pectic 
materials ” or “ pectins ” are included groups of 
substances, the complex nature of which has 
made it difficult to estabhsh their composition 
and constitution, and to decide whether or not 
they are to be regarded as chemical entities. 
They have long been recognised as constituents 
of the cell walls of plants and were first isolated 
as long ago as 1790 by Vauquelin (Ann. Chim. 
Pbys. 1790, 5, 92), who also showed that tlie 
formation of jellies with certain fruit juices and 
sugar was due to the presence of pectin in the 
juice. This ability to form jellies with sugar is 
the basis of the main industrial use of pectin 
preparations; the changes undergone by pectins 
ill the ripening of fruit, storing of vegetables and 
the retting of flax, to mention only a few 
examples, have made essential a detailed study 
of the chemistry and biochemistry of the pectic 
materials. 

Pectin, as normally isolated from plant 
material, is a mixture of polysaccharides, three 
of which have so far been clearly identified and 
characterised. These are : pectic acid, present to 
some extent in fruit as its methyl ester and 
responsible for the acidity and jelling properties 
of pectin; araban, hydrolysis of which gives rise 
only to Z-arabinose; and a galactan, built up 
solely of cZ-galactose residues. Other poly¬ 
saccharides may also be present in pectin, and 
some authors claim to have isolated Z-fucoso and 
i-xylose from the products of hydrolysis of 
various pectins. The older literature contains 
many references to substances such as ** meta- 
pectic acid,’! “ digalacturonic acid,” etc., but it 
now seems certain that these products were not 
chemical entities and consisted of mixtures of 
poluronides or of their degradation products. 

The constitution of the acidic component of 
pectin has been the subject of many investi¬ 
gations, but only recently has proof been 
obtained that pectic acid is a polymer of high 
molecular weight built up of d-galacturonic acid 
residues. One of the most difficult problems 
here, as also with pectic materials in general, is 
the isolation of the pure polysaccharide in a 
form suitable for examination. Owing to the 
high molecular weight and the colloidal nature 
of the polymers a complete separation of the 



PECTIN. 


pectlc acid from adsf'fbed araban and galactaii 
is difficult to achieve. In addition, the pectic 
acid appears to be present in the plant in an 
insoluble form, more especially in the early 
stages of growth. There is some evidence that 
this insolubility is due to the combination of the 
carboxyl groups of tlie pectic acid with other 
polymers such as galactan, araban, and cellu¬ 
lose (Henglein, J. fiir makromolekulare Chemie, 
1943, 1, 121), or to the presence of insoluble 
magnesium or calcium pectate. The insoluble 
calcium salt of pectic acid is used as a method 
of isolation and estimation of poetic acid. 

Ehrlich and Saurez independently showed that 
pectic acid is built up of d-galacturonic acid (I) 
residues, and that either “ pectinase ” (from the 
mould Penicillium ehrlkii) or mineral acid, 
could be used to bring about hydrolysis to the 
monosaccharide. The enzymic method of 
hydrolysis has become of considerable import¬ 
ance industrially for the removal of pectic acid 
from fruit drinks and wines. Henglein and 
Schneider (Ber. 193f), 69 f B], 309), demonstrated 
that poetic acid was a polymer of high molecular 
weight, their views being in contrast with earlier 
opinions which had favoured a cyclic structure 
containing only six sugar residues. These 
authors nitrated pectin and showed that the 


£5? 

resultant nitrated ester possessed all the 
properties of a linear polymer of high molecular 
weight. This is in agreement with X-ray 
studies made by K. Meyer and H. Mark, “ Der 
Aufbau der hochmolekularen Naturstoffe,” 
Leipzic, 1930, p. 216. The work (*f Levenc and 
Krcider (J. Biol. Chem. 1937, 120, 591) indicated 
that in poetic acid (II) there exists a chain of 
rf-galacturonic acid residues in which the 
hydroxyl groups on and Cg were free. This 
was proved by oxidation of pet^tic acid with 
periodic acid, followed by the isolation of d- 
tartaric acid (III) after hydrolysis and bromine 
oxidation of the resultant polymeric dialdehyde 
(IV). These results were confirmed by Smith 
(Chem. and Ind. 1939, 58, 364) and by Beavan 
and Jones {ibid. 363), who methylated degraded 
pectic acid from various sources and isolated 
2:3 - dimethyl - d - galacturonic acid (V) after 
hydrolysis of the methylated materials (VI). 
These results indicate that part, if not all, of the 
pectic acid molecule consists of c?-gala(;turonic^ 
acid residues (I) linked through the hydroxyl 
groups on Cj^ and C 4 or Cj and C 5 with the 
formation of a linear polymer. The e^ttra- 
ordinary stability of pectic acid to acidic 
hydrolysis indicates that a pyranose ring struc¬ 
ture is present in the sugar molecule and that 
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the linkage is through the hydroxyl groups on 
C 2 and 0,|* 

Elirlieh, a pioneer in this field of earboliydrate 
chemistry, was the first to isolate a pure sample 
of arabaa from j)ectin and his method of sc))ara- 
tion (extraction wdth 70% alcohol) is still the 
best availabh^ in spite of its tedious nature. 
More recently this araban has been isolated from 
a variety of poetic materials including those 
present in the peanut, apple pomace, and in 
citrus fruit (Hirst and Jones, J.C.S. 1938, 498; 
1939, 452, 454, 1865). It is characterised by a 
high negative rotation and by its ready hydrolysis 
with dilute acid. The isolation of a pure araban 
has so far only been achieved via. the acetate, 
by which means traces of poetic acid and 
galactan can be removed b^^ fractional proci])ita- 
tion. Methylation of the araban followed by 
inethanolysis gives three main products: 2:3:5- 
trimethyl methyl-Z-arabinoside (VH), 2:3-di- 
methyl methyl-/-arabinosidc (N’lll), and 2- 
methyl methyJ-^-arabinoside (IX). The isola¬ 
tion of these 2 )roducts taken in conjunction with 
the ease of hydrolysis indicates that in araban 
at laast one-third, and most probably all, of tlie 
arabinose residues are in the furanosc form and 
that araban (X) is not a linear polymer like 
poetic acid but is a branched j)olymer. 

The galactan f)rcscnt in poetic materials has so 
far been isolated in a j^urc state from one source 
only, namely, from the seeds of the white lupin. 
It has been shown (see Hirst, ibid. 1942, 70) by 
the methylation method tliat it is a linear 
polymer of high molecular weight, since the 
methylated galactan gives on hydrolysis 2:3:6- 
trimethyl d-galactose (XI), togetiier with tra(‘es 
of 2:3:4:6-tetramethyl J-galactose (XIl). 8iiH‘e 
the galactan (XI11) has a very small rotation 
and is hydrolysed by acid with difficulty it is 
considered that the sugar residues in the polymer 
are in the pyranose form, united through 
glycosidic links, whereas poetic acid, wdiich has 
a high positive rotation, probably contains a- 
glycosidic links. On this eviden('e it seems un¬ 
likely that pectic acid is a direct intermediate in 
the conversion of galactan into araban by a 
process of oxidation of the primary alcohol 
grouping on Cq of the galactose units followed 
by decarboxylation of the resultant galacturonic 
acid residues. 

Pectin, which is found in practically all living 
plant tissue, is prepared on the commercial scale 
either from citrus fruit residues or from the 
apple pomace remaining after the expression of 
apple juice. The pectin is extracted by pres¬ 
sure cooking with water and the aqueous filtrate 
containing pectin and impurities may then be 
vacuum-concentrated and the pectin precipi¬ 
tated with alcohol. An alternative method is to 
precipitate the pectin as its insoluble calcium 
salt, or as insoluble nickel or copper salts fol¬ 
lowed by removal of the metals with ion ex¬ 
change resins. If pectin of low methoxyl con¬ 
tent is required then de-esterification by means 
of acids, alkalis or pectin esterase may be em¬ 
ployed. This type of pectin is useful when the 
formation of gel structures by reaction with 
calcium or other polyvalent ions is required. 
Molecular weight determinations of pectins 
from apples, pears, plums, and citrus fruits 


indicate that they arc of the order of 25,000- 
100,000 and therefore contain from 140 to 570 
iironic acid residues. (Sigurd Saverborn, “ A 
Contribution to the Knowledge of the Acid 
Polyuronides,” Uppsala, 1945.) 

'I’lio incrca.sing industrial importance of pectin 
has stimulated research on the j)hysical proper¬ 
ties and chemical reactions of those materials. 
Metliods are now available for the preparation 
of acylatod derivatives of pectin and of nitro- 
pectin. Pectin is also available as a source of 
d-galacturonic acid, 5-koto-/-galactonic acid, d- 
altronic acid, vitamin-U and /(-f)-tartaric acid. 
The latter compound is produced by atmo¬ 
spheric oxidation of galacturonic acid under 
carefully controlled conditions of pH. The 
mechanism of formation of gels of jx^tin in 
sucrose solution has also received considerable 
attention. For jelly formation, the optimum 
concentration of pectin is about 0-7%, of 
sucrose abf)ut 60%, and acidity pH 3. Pectic; 
acid, however, will form gels at lower sugar 
ooncontrations. 

Salts of pec tin are now' used as aids in spray 
drying, for paper coatings, as thickening agents 
in desserts, as latex thickeners, and as a sub¬ 
stitute for agar in bacteriological media. In 
addition, pectic acid (prepared by the enzymatic 
dc-esterification of pectin, followed by removal 
of i)octmic acids) yields a produc^t which givc's 
solutions of high viscosity and of good film- 
forming properties. 

E. h. H. and J. K. N. J. 
PEG AN INE {v. Vol. VI, 186a). 

PELARGONENIN, a flavyliurn salt ob¬ 
tained by the partial hydrolysis of natural 
pelargonin (g.v.) by means of cold, concentrated 
hydrochloric acid (Willstiitter and Bolton, 
Annalen, 1917, 412, 133), cTystalliscs from the 
w'arm 2% acid in the form of scarlet-red needles 
of the dihydrate, C22H2202oCI,2H20. The salt 
is very sparingly soluble in cold water or dilute 
hydrochloric acid. At 18°, 100 c.c. of 0-5% acid 
dissolve only 2 rag. It is also sparingly soluble 
in cold 7% sulphuric acid, but it dissolves readily 
on warming. It is easily soluble in methyl 
alcoholic hydrogen cliloride, and it dissolves more 
freely in ethyl alcohol than does pelargonin. Its 
solution in hydrochloric acid is yellowish-red, 
bluer than a solution of pelargonin, and yellower 
than one of pelargonidin in the same solvent. 
The most characteristic property of pelargonenin 
is the strong greenish-yeUow fiuorescenoe of its 
alcoholic solutions, which is much more intense 
than that of pelargonin. Pelargonenin chloride 
has been synthesised by Leon, Robertson, 
Robinson, and Seshadri (J.C.S. 1931, 183, 2672), 
who have shoivn that it is the fi-jS-glucoside of 
pelargonidin chloride (I). Of the isomeric 
glucosides, all of which have been synthesised, 
none shows a fluorescence in alcohohe solution. 


Cl 
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PEL ARGON ID IN was obtained in the lirst 
inatan(;e by the hydiolysis of pelargonin {q.iK). 
(^allistephin, pelargonidin-3‘glucoside, occurs in 
tJit^ flowers of the summer aster {Calliak/phns 
chmensis). Fragavin, the colouring matter, of 
of strawberries {Fragara vesca), is the eorro- 
sponding galactosido (Robinson, Bor. 1934, 
67 [A], 98). Polargonidin saccharides are very 
widely distributed in nature. ]*elargonidin-3:5- 
dimonosides (pelargonin type) are present in 
Gladiolus gandavimsis. Hyacinth ua orientalis, 
LathyruSy Pentstemoriy Phlox^ Clarkia elcgansy 
Dianthus caryophylluSy Dahlia, Solanum tube¬ 
rosum, and Zinnia, and in a pure state ui orange- 
red polyantha roses. Pelargonidin-3-biosidcs 
have not as yet been isolated from natural 
sources, but there have been many indications 
of their occurrence in Delphinium nudicaule 
splendens, Sophronitis gra7idiJtora, Papaver 
nudicaule, Lathyrus odoratus, Aiiemone caronaria. 
Campanula, Gladiolus gandaveiiaia. Gloxinia, 
Cineraria stellata, IWopaeolurn inajus, Tulijia 
gesneriana, and in Begonia setaperJlorcMs ; in 
Phaseolu.8 multiflorua the 3-bioHide is present in 
a pui’e condition. In some instances the biose 
residue is known to be that of a rhamnoglycoside 
{Gloxinia and Streptocarpus), or a pentose- 
glycoside {Solanum tuberosum, Lilium land- 
folium rubrum, Gesnera zebrina discolor. Hex 
aheperdii. Antirrhinum majua, Cotoneaater aitn- 
monde, Scabiosa, and Cydonia japonica). The 3- 
monoside type occurs in Verbena, Dianthus 
barbata. Lychnis chalcedonica, and Papaver 
orientate bracteatum. Acylated saccharides of 
pelargouidin are present in the scarlet salvia and 
Monarda didyrna {see Monarda^in), Uyacinthua 
and Impatiens holatii. {See G. M. and R. Robin¬ 
son, Biochem J. 1931, 25, 1693 ; 1932, 26, 1647; 
1934, 28, 1712). 

Pelargonidin chloride forms a monohydrate, 
CisHuP 5 CI,H 20 , which crystallises from hot 
2% hydrochloric acid in short, red-brown, 
rectangular prisms, and from the dilute acid on 
adding an equal volume of concentrated acid in 
swallow-tail, twinned crystals, which are yeUow- 
brown by transmitted light. The anhydrous 


salt can be obtained only by heating the hydrate 
at 105° in high vacuum. The anhydrous chloride 
is brown in colour, but it retains the metallic 
lustre of the hyriratc. It is very hygroscopic; 
exposed to air, the red monohydrate is soon 
regenerated. 'I'iie chloride does not molt below 
350°. Heating with dilute hydrochloric acid 
changes pelargonidin chloride into a more 
soluble derivative. It is sparingly soluble in 
cold, dilute hydrochloric acid, although much 
more readily than is cyanidin. The solution 
differs from that of n) 08 t anthocyanidins in that 
an absorption band is present in the indigo blue 
—violet, in addition to one in the yellow— 
blue region. The aqueous acid solution is 
rendered blue on the addition of sodium car¬ 
bonate. With ferric chloride there is no 
characteristic coloration ; an alcoholic solution 
is merely rendered reddish-browm. The chloride 
is very easily soluble in methyl and in ethyl 
alcohol,* forming red solutions which have a 
violet tinge and arc non-fluorescent. A change 
of colour to violet occurs on the addition of 
sodium a(jetatc. Lead acetate gives a blue 
precipitate. The chloride is very largely ex¬ 
tracted from an aqueous acid solution by the 
“ cyanidin reagent,” and completely by the 
“ deli)hinidin reagent.” The former is a mixture 
of cyc/ohoxanol (1 vol.) and toluene (5 vols.), the 
latter a 5% solution of picric acid in a mixture 
of amyl ethyl ether (1 vol.) and anisole (4 vols.). 

Heating to 220° with concentrated aqueous 
potassium hydroxide hydrolyses pelargonidin 
chloride to phloroglucinol and p-hydroxybonzoic 
acid, with a small amount of protocatechuic acid 
(WiUstatter and Bolton, Annalen, 1915, 408, 
42). The structure (III) for the chloride, which 
was proposed by these authors, was confirmed 
by a synthesis (WiUstatter and Zechmeister, 
Sitzungsber. Preuss. Akad. Wiss. Berlin, 1914, 
886 ; WiUstatter, Zechmeister, and Kindlor, Ber. 
1924, 57 [B], 1938) in which the trimethoxy- 
coumarin (1) was condensed with ^^-methoxy- 
phenylmagnesium bromide to form a salt (II), 
which was then demethylated to pelargonidin 
chloride (III). 



The same salt has also been prepared by con¬ 
densing 2?4-dimethoxy-6-hydroxybenzaldehyde 
with <»#-4-dimethoxyacetophenone, and de- 
methylatmg the product (I^att and Robinson, 


J.C.S. 1924, 125, 197), and again by the same 
authors {ibid. 1925, 127, 1182) using acetylated 
phloroglucinaldehyde in place of the dimethyl 
ether. A further synthesis with additional 
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practical merit consists in combining 2 - 0 - 
benzoylphlorogliicinaldehyde with <0 - 4 - di - 
hydroxyacetophonone, hydrolysing the inter¬ 
mediate acylated flavylium salt by jneans of 
alkali, and reconstituting the salt by further 
treatment with acid (Robertson, Robinson, and 
Sugiura, ibid. 1928, 1633). 

Felargonidin tp-baset crystallises 

from water in the form of colourless, four-sided 
prisms, which redden on heating and gradually 
form a dark violet oil. It is formed when the 
(ihloride is heated with water, preferably with the 
addition of a small amomit of sodium bicar¬ 
bonate. It is insoluble in benzene, easil}^ 
soluble in cold water, and very easily in alcohol 
and ether. It dissolves in aqueous sodium 
carbonate with a yellow colour. Addition of 
hydrochloric acid to an aqueous solution causes 
the regeneration of the chloride. 

VV. B. 

PELARGONIN is the anthocyanin colour- j 
ing matter of the scarlet geranium {Pelargo7iium 
zoiiale). Willstatter and Bolton (Annalen, 1916, 
408, 42) extracted the dried j)etals with glacial 
acetic acid and precipitated the crude antho¬ 
cyanin in the form of a red solid by adding 
alcoholic hydrogen chloride and then ether. A 
purer product could be obtained by extracting 
the petals with alcohol and adding the alcoholic 
acid and then ether to the filtered solution. The 
salt was purified by dissolving it in hot 2 % 
methyl-alcoholic acid, filtering, and adding a 
quarter or a fifth of the volume of 10 % aqueous 
hydrochloric acid. I’elargonin chloride crystal¬ 
lises in the form of fine, very slender, scarlet-red 
needles of the tetrahydrate, C 27 HaiOigCI, 4 H 2 O 
(dried in air), which when rubbed acquire a 
green metallic lustre. The anhydrous chloride, 
C 27 H 31 O 15 CI, results when the hydrate is 
exposed in a desiccator; it is darker in colour 
than the hydrate and is very hygroscopic. It 
sinters at 175^, and melts with decomposition at 
180°. Kaner and Widnor (Helv. Chim. Acta, 
1929, 12, 292) give m.p. 184°, and [ajp -236° 
±20° and -241°±20°. 

Pelargonin chloride is fairly soluble in cold 
water, forming an orange-coloured solution. 
Hydrolysis occurs readily, the colour changing 
to violet and then fading (formation of the 
pseudo-base). It is fairly soluble in cold methyl 
alcohol, more readdy on warming, forming 
yellowish-red solutions which show a greenish- 
yellow fluorescence. This property is character¬ 
istic of the anthocyanin. Even in 1-2% hydro¬ 
chloric acid the chloride is sparingly soluble; 
in 6 % acid it dissolves very sparingly. The 
solutions are orange-red in colour. The solu¬ 
bility in 7% sulphuric acid is very slight; from 
a warm solution the sulphate crystallises on 
cooling. The nitrate and oxalate^ also, are 
sparingly soluble.’' 

Ferric chloride gives no well-defined reaction 
with the chloride, the colour of a solution is 
merely rendered more reddish-brown. There is 
no reaction with alum. Sodium carbonate 
changes the colour of an aqueous solution to 
violet, which changes slowly through greenish- 
red to yeUow. The reaction with sodium 
hydroxide is similar but,, the colour changes 
occur more rapidly. Sodium acetate, lead 


acetate or calcium carbonate cause the separa¬ 
tion of the violet colour-base. In alcohol the 
reactions are somewhat different; a drop of 
sodium hydroxide or potassium acetate solution 
gives a blue colour, which immediately changes 
to violet on the addition of water. Fehling’s 
solution, even when warm, is only slightly 
reduced by the chloride. 

Basic pelargonin chloride, 

(^27*^31^15^02»C27*^3oOi6> 

is formed when the normal chloride is boiled 
for a few minutes in alcoholic solution. A por¬ 
tion of the salt remains undissolved in the form 
of violet flocks, while from the cooled solution 
there crystallise small, dark-violet needles of the 
dihydrate of the basic chloride. 

3'he colour-base is precipitated in the form of 
violet flocks, C 27 H 3 QOJ 5 , when sodium acetate 
is added to a w^eakly acid solution of the chloride. 
It is difficultly soluble in water; in solution it is 
transformed into the colourless pseudo-base. 

Hydrolysed by heating for a few minutes with 
20 % hydrochloric acid pelargonin yields pelar- 
gonidin chloride (1 mol.) and glucose (2 mol.). 
R. Robinson dediK'ed that the anthocyanin is 
pelargonidin-3:5-diglucoside, and this constitu¬ 
tion has been confirmed by a synthesis (Robinson 
and Todd, J.C.S. 1932, 2488). 2-O-Monoucetyl- 
) 3 -glucosid 3 dphloroglucinaldohyde (1) was (;on- 
densed vith cu-0-tetra-acetyl-^-gluco8idoxy-4- 
acetox}’acetophenone (II), and the intermediate 
acylated flavylium salt was deacetylated to give 
pelargonin chloride (HI). 

HOj^NoH 

I ^CHO 
AcO C 6 H 10 O 4 O 
I. 



CH 2 O CeH 70 ( 0 Ac )4 

II. 

Cl 



W. B. 

PELLETIERINE. Used medicinally, the 
term “ Pelletierino ” means a mixture of 
alkaloids of pomegranate {q.v.) but chemically 
the term should be restricted to the pure alkaloid 
first mentioned by Tanret. Pelletierine and 
other alkaloids of jpomegranate have been 
studied also by Ciamician and Silber (Ber. 1892, 
25, 1601; ibid. 1893, 26, 166, 2738; 1894, 27, 
2860); Piccini (Gazzetta, 1899, i, 29, 408; ii, 
29, 311) and by Willstatter and Veraguth (Ber. 
1906, 38, 1984). According to Hess (ibid. 1917, 
50, 368; 1919, 52, 064, 1000, 1622; Hess and 
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Eichel, ibid., pp. 380, 1192, 1386; 1918, 61, 
741) no optically active alkaloid occurs in the 
bark, but Farret reaffirms (Compt. rend. 1920, 
170, 1118) pelletierine and methyl pelletiorine 
to bo active, the former [a]^) —31*1°, the latter 
fall) +27*7‘^, both being easily racemised. iso- 
Pelletierine and womethylpelletierino are the 
corresponding racemic compounds. Pelletierine 
has been synthesised by Wibaut and Beets (Rec. 
trav. chim. 1940, 69, 653) by the following pro¬ 
cess : )5-pi(!oline ——-U- )3-picolyl-lithium 

^.(2.pyridyl)-propionaldehydc acetal, 
which was isolated as the mercuric chloride 
addition complex. The synthesis is completed 
by reduction-of the pyridine ring by hydro¬ 
genation, using platinum in glacial acetic acid 
( Wibaut and Beets, ibid. 1941, 60, 905; see also 
Spielman, Swadesh, and Mortenson, J. Org. 
Chem. 1941, 6, 780). The pelletierine acetal 
was identical with the acetal obtained from the 
natural product. Beets (Chem. Weekblad. 1942, 
39, 187; Chem. Zentr. 1942, it, 778) further 
studied the reactions of lithium picolyl with acid 
esters and anhydrides; with a(!etic anhydride 
dohydrowopelletierine is formed. Beets also 
suggests that pelletierine is better represented 
as a dicyclic structure related to 0-coniceine, but 
the evidence is not conclusive. 

Pelletierine, CgHjgNO, is a colourless liquid 
boiling at 195°c. with decomposition (lOtP/21 
mm.); p 0*988; soluble in 23 parts of water at 
]5°c. giving a strongly alkaline solution. It 
forms an oxime and a hydrazono; reduction of 
the latter with sodium and alcohol forms coniine, 
[a],-) —3M®. The hydrochloride, m.p. 143-144°, 
is not hygroscopic; the hydrobromide melts at 
14()°c. 

imPelletierine, the racemate of pelletierine, has 
been resolved by Hess and Eichel through the 
tartrate. 

ijj-Pelletierine, C 9 Hj 50 N, 2 H 20 , is related to 
the solanaceous alkaloids and has been synthesised 
by Menzies and Robinson (J.C.S. 1924, 126, 
2163) from calcium acetonedicarboxylatc, glutar- 
dialdehyde and methylamine. Tanret (J. 
Pharm. Chim. 1928, [viii], 8, 112) has defined the 
optimum conditions for the preparation of pure 
0-pelletierine salts and the analysis of com¬ 
mercial samples. 

0-Pelletierine is the only solid alkaloid of 
pomegranate and has m.p. 63-54°c., b.p. 140°/20 
mm., 246/760 mm. 

The structures of the pomegranate alkaloids 
given below show their close relationship to one 
another and to coniine and coniccino. 
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W. H. L. 

P E LTO-G Y N IDIN is a distinct antho- 
cyanidin which is obtained by the action of hot 
aqueous hydrochloric acid on the “ leucoantho- 
cyanin,” pcltogynol (q.v.) (G. M. and R. Robin¬ 
son, Biochem. J. 1933, 27, 210), isolated from 
the heartwood of Peltogyne pubescens and P. 
porphyrocardia. It forms oxonitim salts which 
dissolve in water with a cyanidin-liko bluish-red 
colour, characterised by unusual brightness. 

Its aqueous solution gives a pure blue colour 
with sodium carbonate, and its solution in amyl 
alcohol a red-violct which is redder than the 
corresponding coloration with cyanidin. In its 
stability towards oxidation by means of aqueous 
ferric chloride it resembles cyanidin. Its solu¬ 
tion in concentrated sulphuric acid shows a 
green lluorescence as does that of fisetiiiidin (I), 
but the colour of the solution is pink; in this 
peltogynidin difilers from (I) and resembles 
cyanidin. Its distribution from an aqueous 
acid solution to the delphinidin reagent (a 5% 
solution of picric acid in a mixture of amyl ethyl 
ether, 1 vol,, and anisolc, 4 vole.) is very high 
(100), whilst to the cyanidin reagent (a mixture 
of cyc/ohexanol 1 vol., and toluene, 5 vols.) the 
distribution is low (<5). Ethyl acetate extracts 
it from a solution containing salt. In these 
properties peltogynidin closely resembles 5-0- 
methylcyanidin (1I)#>‘ The only other structural 
type to which peltogynidin might belong is that 
of a 7-0-substituted cyanidin (III). Pclto- 
gynidin is not completely extracted from 1% 
hydrochloric acid by moans of amyl alcohol 
(difference from II), and it may be re-extracted 
from the alcohol by repeated washing with 1% 
acid. Possibly one or more hydroxyl groups are 
prfjsent in the O-substituent. The most 
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characteristic reaction of pcltogynidin is the 
change of colour of an alcoholic solution through 
blue to bright red with sodium hydroxide. No 
other anthocyanidin exhibits this proi^erty. 

W. B. 

PELTOGYNOL. The heartwood of Pdto- 
gyne porphyrocardia^ P. puhcscensy and Copaifcra 
pubiflora is light brown in colour \yhen freshly 
cut, and deep purplish-rod after exposure to 
light and air. The colouring principle, pelto- 
gynol, is extracted by water from the fresh saAv- 
dust, isolated in the form of a light mauve 
powder bj^ adding sodium chloride and bicar¬ 
bonate, extracting by moans of ethyl acetate 
and precipitating from the extract by adding 
light petroleum. Peltogynol, Ci(jHi 40 q, crystal¬ 
lises from ethyl acetate in colourless, elongated, 
flat prisms, Avliich on heating become i)ink at 
200 ^^ and darker red at about 240^^* with gradual 
softening and decomposition. It is sparingly 
soluble in cold Avater and fairly readily in hot, 
very sparingly soluble in ether, benzene, and 
chloroform, readily in acetone and freely in the 
simple alcohols. The crystals Avliich separate 
from ethyl acetate become syrupy iii contact 
Avith water, but rccrystallisation occurs in a new 
form. Ferric chloride added to an acpieous or 
alcoholic solution gives a bright green colour. 
Pure peltogynol, 4-27rr (c^ 0-6 in ethyl 

acetate), is stable in light and air. 

Peltogynol readily gives a telra-acelyl deriva¬ 
tive, which crystallises from benzene—alcohol 
in colourless, flat rectangular, prismatic needles, 
or in hair-fino needles, m.p. 173®, [aj^^ -f 12r/ 
(c=0*4 in chloroform). This derivative shows 
quite different properties from peltogynol, for, 
whereas the latter readily forms the antho¬ 
cyanidin, pcltogynidin, with hydrochloric acid, 
the acetyl derivative cannot be converted 
directly into this salt even Avhen it is treated 
with bromine in dioxan. Alcoholic acid causes 
gradual hydrolysis and subsequent formation of 
the anthocyanidin. The O-tetrabenzoyl deriva¬ 
tive forms colourless plates from acetic acid, 
m.p. 244®. The O-tetra-anisoyl derivative has 
m.p. 218° (decomp.). 

A tri- and a tetra-methyl ether of peltogynol 
have been prepared by direct, mothylation with 
methyl sulphate and sodium hydro.xide. The 
trimethyl ether is also formed when the tetra- 
methyl ether is hydrolysed by means of a cold 
solution of hydrogen chloride in dilute acetic 
acid. 

Peltogynol tetramethyl ether forms colourless, 
glistening, Jong rectangular plates, m.p. 175°, 
Wn +264° (c=0*73 in chloroform). It is 
moderately soluble in most organic solvents. 
Hot aqueous or cold alcoholic hydrochloric 
acid, or bromine in dioxan, convert it into a 
trimethylpeltogynidin salt possessing a brilliant 
green fluorescence, and which doubtless contains 
the ring system of (I). 

Peltogymol trimethyl ether forms long, flat, 
colourless needles or plates from ethyl acetate, 
m.p. 198°, [a]^^ -i-254° (c=0*236 in chloroform). 
It is sparingly soluble in cold benzene (difference 
from the tetramethyl other). It gives the same 
trimethylpeltogynidin salt as the tetramethyl 


etlior. It is insoluble in aqueous alkalis and 
gives no ferric chloride reaction in alcoholic 
solution, evidence that the fourth methyl group 
of the tetramethyl other must be present in a 
scmi-acetaJ structure of the raothylglucoside 
type. The tetramethyl ether does not contain a 
carbonyl group (absence of a reaction with a 
Grignard reagent). 

Peltogynol itself affords a 2'A-dinitrop>henyl- 
hydrazoncy an orange, microcrystalline powder 
consisting of dense aggregates of needles, which 
darkens at 100®, becomes chocolate-broAAii at 
220®, and explodes at 224°. 3[3io characteristi(! 
crimson peltogynidin chloride is formed Avlicn 
the hydrazono is boiled with concentrated 
hydrochloric acid. 

Oxidation of peltogynol by means of nitric 
acid affords styjilinic acid. The trimothyl ether 
with potassium permanganate yields 0-tri~ 
mcthylpcllogyinc acMy considered to 

be a mixture of the tAvo tautomeric forms (11) 
and (111), and w-hcmlpinic acid. 

T’hc above-mentioned facts and the alkali 
colour-reactions of peltogynidin salts strongly 
support the constitution (I) for peltogyfj(>l, 
AAdiich. moreover, is coinpatable with the evidence 
of A'-ray jncasurcinents. It is a plausible sug¬ 
gestion that in the Icucoanthocyaniiis the 
hy<lrox 3 d groiij) indicated by an asterisk is 
cthcri(jcd by a sugar unit (G. M. and R. Robin¬ 
son, 1035, 744). 

OH 

I. 


OMe 



OMe 



W. B. 

PENICILLIN. 

History. 

In 1929 Fleming (Brit. J. exp. path. 1929, 10, 
226) observed that an agar plate culture of 
staphylococci showed lysis of the bacteria 
around an air-borne mould accidentally coti- 
taminating the culture. The contaminant was 
subsequently identified as PeniciUium notcUum 
Westling. The mould was sub-cultured in 
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peptone broth and the filtered medium, even 
when diluted 800 was found to inhibit the 

growth of certain bacteria. The name “ peni¬ 
cillin ” was used by Fleming for the filtered liquid 
which was found to have a particularly strong 
antibacterial action on pyogenic cocci, although 
harmless to leucocytes and not more toxic than 
the original broth to experimental animals. A 
few preliminary experiments in which the 
medium was used as a wound dressing sug¬ 
gested that it might be of clinical value as an 
antiseptic but the only immediate practical 
outcome of this work was Fleming's use of 
‘‘ penicillin ” in bacteriological work as an aid 
to t he isolation of pcmicillin-insensitive organisms. 

Some three years later Clutterbuck, Lovell, 
and Kaistrick (Biochern. J. 1932, 26, 1907) 
published t he results of attempts to con(‘entrato 
or isolate the active substance in Fleming’s liquid 
penicillin.” Valuable advances were made 
towards the development of satisfactory extrac¬ 
tion procedures, particularly as applied to 
synthetic culture media containing only in¬ 
organic salts and dextrose. Medical interest 
could not be secured, perhaps because the sul- 
phonamide group of drugs was then becoming 
j)rominent, and eight years elapsed before 
previous work was brought to full fruition by a 
team which includcHl workers in clinical medicine 
as well as those in aneillarj'' fields. This team, 
AV'oiking under Professor J^Torey at Oxford, 
))ubli8hed its first report in the Summer of 1940 
(Chain, Florey, Gardner, Heatley, Jennings, Orr- 
Ewirig, and Candors, Lancet, 1940, 2, 177). A 
relatively rapid assay process, developed by 
Ihmtley (v. infra), had enabled them to asc^or- 
tain the conditions under which the active sub¬ 
stance could be extracted and preserved for 
appreciable periods. The antibacterial activity 
of their final product against staphylococci was 
of the same order as that of previously known 
antiseptics. It was therefore thought that the 
product they had tested on experimental 
animals was nearly pure although, in fact, it 
contained only about 1% of pure penicillin. 
This first paper of the Oxford workers reported 
exceedingly successful results in experimental 
infections due to streptococci, staphylococci, 
and Clostridium septique, a factor of the greatest 
importance being the complete absence of 
toxicity. The quantity of penicillin required 
was minute on the basis of weight. Nevertheless 
the low titres of the culture medium and the 
difficulties of extraction necessitated several 
months of work before suffibient had accumu¬ 
lated for the treatment of the first human case 
(Abraham, Chain, Fletcher, Florey, Gardner, 
Heatley, and Jennings, ibid. 1941, 2, 177). The 
product was not entirely free from toxicity, 
nevertheless the patient’s response was dramatic, 
but unfortunately the amount of penicillin 
available was too small to complete the cure. 
It was soon found that the impurities responsible 
for the reaction produced in the first human ease 
to be given penicillin parenterally could be 
removed by chromatography. In addition, 
larger supplies of the drug became available 
when a firm of manufacturing chemists having 
experience in the fermentation field provided the 
Oxford workers with the culture medium from 


which they could extract the penicillin. Suffi¬ 
cient to show its value in a variety of septic in¬ 
fections was thus made available and the need 
for large-scale commercial manufacture became 
acute. War conditions in Great Britain made it 
difficult, in the absence of active governmental 
assistam^e, for manufacturers to enter a new 
field on the scale neciessary to produce a signifi¬ 
cant amount of the new drug. Florey and 
Heatley therefore visited II. 8 . A. witli a view to 
stimulating American interest, and, with the 
encouragement of the Committee on Medical 
Research of the Officio of Scientific Rcjsearch and 
Development, five American manufacturing 
chemists began the eomrruu‘c;ia] development of 
penicillin on the basis of the information given 
them. Investigations were also begun by the 
workers in the Fermentation Division of the 
Northern Regional Rescsxrch Laboratory of 
the U.8. Department of Agriculture. 

Meanwhile various J5ritish manufacturers co¬ 
operated in joint investigations, with such 
limited resources as could be spared from more 
immediate wartime demands. Reports of clinical 
trials from America and the use of American 
material by the British Servicers led to recogni¬ 
tion by the British government that manu¬ 
facture in the United Kingdom was highly 
desirable, and thereafter manufacturers received 
full official support. The first British penicillin 
factory was opened in February, 1943, to operate 
the surface culture process {v. infra). 

Manufacture. 

The commercial i)roccss for the manufacture 
of ponicilfin is a relatively simple one. In brief, 
a strain of a mould of the PenicilUum notatum- 
chrysogenum seric^s is grown in pure culture on 
or in a nutrient medium, and when maximum 
growth has been obtained the medium is 
separated from the mould, which is then dis¬ 
carded from the process. A substantial part of 
the penicillin produced during the growth of the 
mpuld is .contained in the raodimn, from which 
it is then extracted, purified, and concentrated. 
The concentrate, containing varying proportions 
of penicillin and impurities derived from the 
medium, may then be froeze-dried to produce a 
reasonably stable solid ready for use or, in more 
advanced processes, crystalline penicillin may bo 
obtained by repeated crystallisations from the 
purified concentrate. The proc*ess is divided 
into three readily separable phases : 

1. Fermentation, or growth of the mould ,* 

2. Extraction and concentration, or the 

recovery of penicillin from the medium; 

3. Freeze-drying of, or crystallisation from, 

the concentrate. 

In addition, a fourth major activity comprises 
the biological control of the product, which is 
effected at all stage.s of its manufacture. 

Fermentation. 

It is now clear that a number of moulds, 
generally referred to as of the PeniciUium 
notatum-chrysogSfium series, together with other 
distinct penicillia, produce penicillin during 
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Iheir growth processef?. The importance of the 
strain employed in the fermentation cannot be 
over-emphasised, for it determines the order of 
yield of penicillin as well as the variety of 
penicillin produced, initially, the original Flem¬ 
ing strain was employed but it was soon dis¬ 
placed by a high-yielding derivative designated 
NBKL J249.B21. 1’he use of this strain in sur¬ 
face culture techniques became nearly universal 
but, with a change to the submerged culture pro- 
(‘cdure, a new strain adapted to this technifjue 
came into common use. This is known as NKRL 
832 and, as with the former surface culture strain, 
was issued from the culture collection of the 
Northern Regional Researc h Laboratory, Peoria, 
Illinois. With the extension of the submerged 
culture technique, a large number of different 
strains were isolated and reported as being of 
commercial value; some of them were chosen 
for the production of specific penicillins rather 
than for considerations of increased general yield 
of penicillin. The next major advance in strain 
selection occurred with the demonstration that 
if was possible to derive strains, by exposure to 
X-ray and ultra-violet irradiation, which wore 
substantially different in point of yield from the 
strains isolated from naturally occurring moulds. 
The principal strains in this connection were the 
Demerec X1612 and the Wisconsin Ql70; the 
latter, which is a selection from ultra-violet- 
irradiated spores of P. clirysogtnum^ is so far the 
highest-yielding strain. With the development 
of these high-yielding strains especial attention 
must be given to the preservation of their 
original charai'teristics by reducing to a mini¬ 
mum the number of “ generations ” raised from 
spores. It has been found that continued sub¬ 
cultivation through spores results in a sub¬ 
stantial drop in the penicillin yield obtained—a 
phenomenon referred to as “ penicillin run¬ 
down ”—and vegetative transfers are recom¬ 
mended. 

Members of the genus Pcnicilliurn are exceed¬ 
ingly widespread in nature, being remarkably 
polyphagous and strongly aerobic. The peni¬ 
cillin-producing moulds grow readily as aerobes 
on common nutrient media, either solid or liquid, 
but, for the convenience of the subsequent 
extraction of penicillin, liquid media are pre¬ 
ferred. Many different formula) for liquid 
media have been described, some of them 
adaptations of conventional bacteriological sub¬ 
strates and simple synthetic media formerly 
employed in metabolic studies. 

A major improvement in medium develop¬ 
ment occurred with the discovery attributed to 
Moyer that the addition of com steep liquor to 
the medium increased the yield of penicillin five¬ 
fold (B.P. Application no. 1367 of 1945 claiming 
the Convention date, 8th April, 1944, but see 
Foster and McDanicrs application no. 9297 of 
1944 claiming 15th May, 1943). Com steep 
liquor is primarily an extract of maize solubles 
under acid conditions and has come to occupy 
an essential place in the manufacture of peni¬ 
cillin because of its availability and price, but 
extracts of many other vegetable products have 
been used, a very effective one being obtained 
from peas. Apart from the high contribution of 
protein and amino acids bj?- com steep liquor or 


pea extract, a substantial addition of carbo- 
hydrato is necessary. Glucose, sucrose, and 
lactose have all been employed, but lactose, by 
virtue of its stabilising effect upon the yield of 
penicillin, is most frequently used. The addition 
in various concentrations of inorganic salts to 
the medium has been recommended hut, with 
the use of a crude extract such as corn steep 
liquor, these requirements are now of less im¬ 
portance, with the possible exception of nitrate. 
3'he regulation of the pH of the medium is of 
first importance, and a range from 5*5 at the 
beginning of fermentation to 7-.7 at the end is 
recommended for maximum production. 

The discovery originating from the Northern 
Regional Research Laboratt)ry that the addition 
of small quantities of phenylacotic acid to the 
medium stimulated •penicillin yields has been 
followed by trials of a series of related aromatic 
compounds. Later but independent British 
work (Lester Smith, J.S.C.l. 194G, 65 , 308) 
showed that similar results followed the use of a 
number of compounds carrying the benzyl group, 
notably phonylacetamide and jS-phenylethyl- 
amine. Generally, amide derivatives have Ixmui 
as satisfactory as the corresponding acids and a 
number of compounds of this type are referred 
to in B.P. Applications nos. 20987, 21830, 22087, 
22144 of 1946. The use for the same purpose of 
j)henylacetyl hydrolysates of various proteins is 
described in Application no. 20799 of 1946. 
The growth of the mould proceeds satisfactorily 
at temperatures from 20° to 27^'c. but highest 
yields of penicillin are obtained in surface cul¬ 
ture at 24°c. Elaborate air-conditioning systems 
have been needed in surfac’C culture plants to 
maintain this temperature throughout the 
duration of incubation despite the considerable 
amount of heat evolved during fermentatiem. 

Surface Culture. 

It was natural that the commercial production 
of penicillin should, in the first instance, follow 
closely the laboratory technique. This original 
method—^now referred to as “ surface culture ” 
—consisted of sowing the mould spores of a 
suitable penicillin-producing strain upon the 
surface of a shallow layer of medium held in a 
closed flask. Since penicillin is readily destroyed 
by enzymes—referred to as “ penicillinase ”— 
produced by many common bacteria, the para¬ 
mount requirement is that of maintaining a pure 
culture. To this end the flask with its content 
of medium is closed with a plug of cotton or glass- 
wool permitting gas exchange while preventing 
the ingress of micro-organisms; the whole is then 
sterilised by autoclaving. A sterile transfer of 
mould spores is made to the surface of the liquid 
medium and the culture incubated for a period 
of 7-14 days. After 2 days the surface of the 
medium is covered with a thin white growth 
which thickens rapidly to form in 3-4 days a 
tough white felt. Thereafter sporulation takes 
place, the upper surface of the white felt turning 
bluish-green and the under-side becoming pallid 
or yellowish. Droplets of a solution of the 
yellowish pigment chrysogenin frequently appear 
on the surface of the felt and contain appreciable 
quantities of penicillin. When the surface of the 
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felt becomes a dull smoky-grey colour the culture 
has attained its maximum growth and usually 
exhibits the greatest penicillin titro. On oc¬ 
casion the felt may remain white for longer than 
is usual, this effect being due principally to 
restricted aeration resulting from the cotton¬ 
wool plug becoming wet or to an abnormally 
high incubation temperature. 

Jn this surface-culture technique a largo 
variety of glass containers have been emidoyed, 
ranging from the conventional milk bottle to 
flasks espec'ially designed for ease of stacking. 
Shallow depths of medium not exceeding 2 cm. 
have yielded in commercial practice as rnm^h as 
300 i.ii. per ml. of penicillin, but considerations 
of yield per flask per day frecjuently inlluenccd 
the depth of medium commercially emydoyed. 
Th(^ surface-culture technique was not confined 
to glass bottles. iMaiuifacturcrs have employed 
large metal trays held in Kt(“rili‘ cabinets or rooms 
but, on the whole, this metliod has jwesented 


more difficulties than the simple flask, par¬ 
ticularly in obtaining an adequate covering of 
the surface of the medium with mycelium and 
also in maintaining sterility. The inclusion of 
cork and other material has been suggested 
among a variety of ways of ensuring the flota¬ 
tion of the spores and consequent uniform 
covering. 

Attempts have been made commercially to 
modify the tray method of growing the mould to 
a semi-continuous process whereby the medium 
held in the trays is continuously removed and 
replaced by fresh nutrients. A further modifi¬ 
cation ado]dod f(jr semi-continuoua operation 
consisted of growing the mould on liquid medium 
held in long hori'/ontal pipes; once the felt has 
boon established, fresh medium is introduced at 
one end of the pipe and spent nutrient containing 
penicillin withdrawn from the other. In this 
semi-continuous method, as in the previous one, 
it is necessary to maintain a sterile air supply 



within the i)ipe or the chamber and this has 
been a source of recurrent difficulty from in¬ 
fections. A further serai-continuous method, 
not dependent on the flotation of the mould on 
a liquid nutrient, has been attempted using 
adaptations of the “ quick ’’ vinegar process, but 
in all such systems the hazard of infection has 
prevented their practical exploitation. The 
ability of the mould to devt'lop satisfactorily 
and yiroduco penicillin on a solid substrate has 
been used to growP. notatum. on moist bran held 
in shallow trays or in a slowly-rotating drum. 
Serious difficulties were encountered in sterilisa¬ 
tion of the bran, largely because of its poor heat 
conductivity ; difficulties were also encountered 
in the extraction of the penicillin after comple¬ 
tion of fermentation. In such a process very 
large amounts of heat are evolved during^ the 
fermentation and make it exceedingly difficult 
to maintain the optimum temperature of in¬ 
cubation, i.e.j 24°pt 


Submerged Culture. 

The surface-culture technique with flasks 
attained considerable commercial importance in 
the early stages of penicillin production. It was 
apparent, however, that adv'antages must accrue 
if the mould was growm submerged in the culture 
medium rather than as a surface mat relying 
upon supply of nutrients by diffusion from the 
liquor below. This change from surface to sub- 
merged culture is essentially only a change in the 
manner of aeration. The mould in surface cul¬ 
ture is dependent for its supply of oxygon upon 
the passage of air through the microbial filter 
represented by the cotton-wool plug of the flask 
or bottle, while in submerged culture mechanical 
aeration ensures an adequate distribution of 
sterile air through the body of the medium. 

The submerged culture technique necessitated 
major developments in chemical engineering. 
In the early stages many difficulties were en¬ 
countered, but the techniejue has now becomo 
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established that surface culture is wholly 
superseded. 

In wartime England the development of sub¬ 
merged culture was restricted, but it was en¬ 
thusiastically taken up in the U.S.A. The effect 
of its introduction in 1944, together with the 
derivation of new high-yielding strains of the 
mould, is shown in the penicillin production 
figures of tliat country in the following years : 

1943 . . . 21,000 million units. 

1944 . . . 1,633,000 

1945 . . . 7,052,000 

1946 . . . 25,000,000 „ (estimated) 

The advantages of the aubmerged method over 
the surface culture technique arc apimrcnt from 
a comparison of the unit (’ulture. In the surface 
culture method the unit is a glass container 
holding about 200 ml. of medium and requiring 
incubation for 7-14 days while, with the sub- 
nu'rged process, the unit contaiiKT is a huge vat 


often of 10,000 gallons capac.ily and the in¬ 
cubation period is 2-3 days. With the change 
in the manner of cultivation of the mould from 
the surface mat to the submerged filaments, a 
substantial reduction in the concentration of the 
main nutrients followed, thus introducing an 
important economy and facilitating subsequent 
purification. It was early discovered that the 
surface culture strains were unsuitable for use 
with the now process but strairrs suited to the 
changed technique were soon introduced. 
Whereas the highest-yielding surface strains gave? 
titres of 200-300 i.u. per ml. the now subinergod 
strains very quickly exceeded this figure and, with 
the use of Q176 strain, penicillin yields of as much 
as 8(K)-1,000 i.u. per ml. have boon reported. 

The principal problem in submerged cmlture, 
apart from the suitability of the strains for thi^; 
type of cultivation and the formulation of th(' 
medium, is the mccbanica.l pi-oblcm of supplying 
the giant fermentnt ion \ atswith larger volumes 
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of sterile air. Sterility is essential since if 
ponicillinaso-i^roducing organisms {see below) 
gain access the conditions in the vat are 
favourable to their growth and the penicillin is 
destroyed as rapidly as it is produced. The 
distribution of the sterile air within the vat may 
bo achieved by systems comparable with those 
employed in commercial yeast rpanufacturo and 
sometimes by employing additional mechanical 
agitation of the liquid medium to bring about the 
better admixture of the air with the medium. 

With the change in the size of the unit con¬ 
tainer from a flask to a shbmerged culture vat, 
the same scrupulous attention must bo paid to 
the pure culture status. Clearly, with the in¬ 
crease in size and reduction in number of fer¬ 
mentation units, the loss from a casual infection 
is enormously increased. However, the vast 
increase in pcniciDin production which has 
followed the adoption of the submerged culture 
technique is sufficient indication that any losses 


due to infection are more than offset by the in¬ 
crease in throughput. 

The mycehum as produced by submerged cul¬ 
ture appears as fine threads suspended in the 
liquid medium, in contrast to the mat of 
mycelium produced in surface culture. The 
growth of these fine threads (or hyphee) may bo 
so prolific as to give the liquid medium a thick 
porridge-like consistency. The method of sepa¬ 
rating the mould from the liquid medium con¬ 
taining the penicillin which, with the surface 
technique, was a simple matter of decanting the 
medium from below the tough substantial mat, 
has been replaced by mechanical methods of 
separation employing filter presses or vacuum 
rotary filters. 

Extraction 

Nearly all the extraction methods proposed 
or in use depend on two properties discovered 
very early in the history of penicillin, namely^ 
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the solubility of free penicillin acid in certain 
organic solvents and the adsorption of sodium 
penicillin on activated charcoal. Raistrick’s team 
(Clutterbuck et al.y l.c.) showed that penicillin 
could bo extracted from an acidified metabolism 
solution with ether but found that inactivation 
occurred on attempting to remove the ether. 
It was not until 1938 that Morey and fellow- 
workers found it j)ossible to recover the activity 
ii\ aqueous solution by shaking the ethereal 
layer with dilute alkali, and this fundamental 
])roperty has been utilised in one stage or another 
of every commercial process. 

Initially, extraction methods w^cro based upon 
the adsorption of penicillin by activated charcoal 
and its subsequent elution with aqueous acetone, 
alcohol, ether or ethyl acetate. With the early 
synthetic- media it was found possible to adsorb 
the activity on 0-5% w/v of charcoal and to 
rcco'v'cr it completely by elution with one- 
tvv(mtieth volume of 20% ac(5tone. On the 
introduction to the medium of com steep liquor, 
howxwer, the amount of charcoal had to be in- 
creas(‘d to at least 1-6% w/v and the cluate 
volume to 40% of the medium volume; this 
increase was duo to the impurities y)rcsent in the 
corn steep liquor and not a result, of the increased 
penicillin content of the medium. While it w^as 
not ]jossible to obtain a more active adsorbent, 
several more active eluents w^ore found, notably 
saturated aqueous solutions of ?t-butanol, ethyl 
acetoacetato, and benzyl alcohol. The methods 
of employing charcoal varied from simple admix¬ 
ture by stirring to the use of “ Mctafilters ” with 
a chromatographic technique. Thereafter, sol¬ 
vent cxiracition by one or more partitions into 
and out of chloroform resulted in a product with 
a potency of 500-1,000 i.u. per mg. 

While the above process was satisfactory for 
the small siu'face culture plants, for the larger 
submerged culture plants a return was made to 
the direct solvent-extraction of penicillin from 
acidified metabolism-solution* In this process 
the clear medium is stirred with a suitable sol¬ 
vent together with sufficient phosphoric acid to 
reduce the pH to 2-0 and the mixture allowed to 
separate either by gravity or in centrifugal 
separators. Much trouble is caused in this step 
by a slight precipitate of protein which stabilises 
the emulsion and makes separation difficult, 
even in a centrifuge. The addition of surface- 
active agents to the mixture greatly improves 
the separation by preventing the formation of 
the protein precipitate; suitable agents are 
mentioned in B.P. Application nos. 6325 and 
19546 of 1945. The solvent layer is next ex¬ 
tracted with dilute sodium bicarbonate solution 
or with a slightly alkaline phosphate buffer 
solution, thus giving an aqueous solution of 
penicillin at a concentration 20-50 times that 
of the harvested medium. This partition into 
and out of a solvent is repeated to give further 
concentration and purification; although amyl 
acetate is occasionally used for the second parti¬ 
tion, a solvent of a different type is more usual. 
The combined effect of all these operations is to 
yield an aqueous solution of penicillin which is 
100-1,000 times the medium concentration and 
is frequently of a potency greater than 1,400 i.u. 
per mg. of total dissolved solids. 


Freeze-drying. 

The decomposition of penicillin salts in solu¬ 
tion is markedly accelerated by a rise in tempera¬ 
ture (xcc below), and accordingly the drying of the 
penicilliji conc<;ntrate from the extraction pro¬ 
cess must be carried through at low tempera¬ 
tures, usually by the method of “ freeze-drying.” 
This consists of exposing a frozen solution to a 
high vacuum, whereby the ice sublimes without 
the intervention of a liquid phase and leaves the 
solids behind in an open-lattice form correspond¬ 
ing in volume to that Of the original 8olution-|lllcd 
into the vial. Prior to the freeze-drying pro¬ 
cesses, the penicillin concentrate is first passed 
through an Ei’tel filter which provides coarse, 
filtration and is claimed to remove pyrogens. 
Passage through a Seitz filter follows, rendering 
the concentrate sterUo. Thereafter it is filled 
into vials under sterile conditions and removt'd 
to the freeze-drying plant. In the vacuum 
chambers of this unit, the frozen concentrate is 
held at a very low temperature, approaching 
—fiO'^C., and a high vacuum is applied. In order 
to provide the latent heat of evaporation of the 
ice, heat is supplied to the vials by electric 
heaters or by circulation of a warm fluid, but in 
no event is the temperature allowed to rise 
above -20°c. until all the ice is sublimed. 
Thereafter higher temperatures may bo per- ^ 
mitted, to bring about more complete removal 
of the last traces of residual moisture.' In place 
of freeze-drying, heat from radio-frequency 
waves has been used (B.P. Application no. 24972 
of 1945) and it has been claimed that this 
electronic method is extremely economical and 
rapid. The vials of dried penicillin are closed 
with a rubber stopper, secured by an aluminium 
seal and dustcap and are then ready, after pack¬ 
ing, for distribution. 

Crystallisation. 

With the increasing availability of supplies of 
penicillin, manufacturers have made available 
crystalline products. Crystalline penicillin may 
bo prepared as a mixture of penicillms or as a 
relatively pure crystalline penicillin G containing 
not less than 90% of penicillin G. This latter 
product has a potency in excess of 1,600 i.u. per 
mg. and is pure w'hite in colour. 

There are three general methods for the pre¬ 
paration of crystalline penicillin, the simplest 
one being dii’ect crystallisation of the freeze- 
dried salt from a suitable organic solvent, for 
example, acetone. In the other processes, an 
intermediate salt of an organic base with penicillin 
is formed cither by adding a water soluble salt 
of the base to a strong solution of penicillin in 
watei:, whereupon the penicillin salt crystallises, 
or by adding a solution of the free base to a solu¬ 
tion of penicillin acid in a suitable organic sol¬ 
vent. In these two methods, the oonvetsion of 
the base salt of pemcillin to sodium salt is 
effected by extraction of the purified penicillin 
into a solvent at pH 2*0 followed by extraction 
into water with the addition of sodium hydroxide 
to pH 7*0 exactly. There results a solution of 
purified sodium penicillin which can then be 
freeze-dried and subsequently crystallised from 
a suitable organic solvent. 
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Beferences. 

The details of procedures adopted in penicillin 
manufacture are still largely commercial secrets, 
but from time to time publication has been made 
of simplified flow-sheets for the process. Flow¬ 
sheets illustrating both the surface culture and 
the deep fermentation techniques are given in 
Figs. 1 and 2. In addition, numerous technical 
papers concerned with the biology of the mould, 
the applied chemistry of penicillin, and the 
working details of the biological assay are 
avaiJable and these together provide a back¬ 
ground of fundamental knowledge upon which 
the process is built. An excellent introduction 
to the voluminous literature may be found in 
the following: 

1. Anon., “Penicillin: Its properties, Uses, 

and Preparations,” Pharmaceutical 

Press, 1946. 

2. Holtman, “ Antibiotic Products of Fungi,” 

Botanical Beview, 1947, 13, 59. 

The patent literature is not yet extensive, 
mainly because patent applications relating to 
penicillin were the subject of secrecy orders 
during the war of 1939-45. In Britain the 
specifications filed with applications made under 
the International Convention are becoming open 
to public inspection and references to a number 
of these are given above. The number of appli¬ 
cations in the penicillin field that have been 
accepted in the United Kingdom up to June, 
1947, is relatively small. 

Properties. 

Not only is “ penicillin ” a term covering a 
number of related substances that may be pre¬ 
sent singly or mixed but the substances or mix¬ 
tures may vary widely in their freedom from non¬ 
penicillin impurities. Circumspection is there¬ 
fore necessary in accepting statements of, for 
example, stability under various conditions, for 
these may be true only of the particular peni¬ 
cillin, or mixture of penicillins and impurities, 
used in the investigation in question. 

Penicillin is manufactured in the form of an 
alkali or alkaline earth metal salt, usually as the 
sodium, potassium, or calcium salt. Sodium 
penicillin is most commonly available as an 
amorphous yellow solid which is extremely 
hygroscopic. It may contain as much as 60% 
impurities but most‘of the yellow material avail¬ 
able in Great Britain contains only about 30% 
impurites. Calcium penicillin, also yellow and 
amorphous, is much less hygroscopic than the 
sodium salt; being therefore more easily handled 
it is preferred for use in the manufacture of 
pharmaceutical preparations containing .pefii- 
ciUin. It is usually of about the same purity 
as yellow sodium salt. The potassium salt 
resembles the sodium salt. Crystalline sodium 
penicillin occurs as relatively stable acicular 
crystals. When mounted in mineral oil and 
examined by means of a polarising microscope 
it shows resolvable particles which reveal the 
phenomena of birefringence (interference colours) 
and extinction positions on revolving the micro¬ 
scope stage. It also reveals diagnostic refractive 
indicos when examined by the immersion 


method. The U.S. Food and Drug Administra¬ 
tion standard requires a maximum moisture con¬ 
tent of 1*5% for crystalline sodium or potassium 
penicillin and 2-5% for other forms. The greater 
stability of the crystalline forms is probably, at 
least in part, due to their lower moisture content. 
Crystalline penicillin is required by the Food 
and Drug Administration to lose not more than 
10% of its activity during 4 days at 100°c. 
Yellow penicillins under similar conditions fre¬ 
quently lose 90% of their activity. 

The stability of crystalline penicillin is such 
that the dry substance does not need any special 
care as regards the temperature at which it is 
stored and even with the less stable yellow 
varieties it is suflicient for practical purposes in 
temperate climates to store the more potent 
products in a cool place. In both instances, it is 
essential that the place of storfige be dry, since 
the rubber bung used to close the common type 
of container is not always moisture-proof. 
Most published work on the stability of solid 
penicillin at different temperatures is vitiated 
by a failure to distinguish clearly between the 
effect of temperature and that of moisture, either 
originally present or absorbed through the 
closure. Randall et al. (J. Amcr. Pharra. Assoc. 

1945, 34, 110) showed that with low-grade 
penicillin in scaled ampoules the effect of 
temperature on the rate of decomposition varied 
with the origin of the sample but deterioration 
was always r(‘latively rapid at 56°C.; most 
samples retained their potency at 37°c. for a 
month and for longer periods at lower tempera¬ 
tures. 

Aqueous solutions of crystalline sodium peni¬ 
cillin G show maximum stability at pH 6 
(Benedict et al, J. Bact. 1945, 49, 85; 1946, 51, 
291); solutions of pH 6--6*5 show no significent 
loss during 7 days at 8-14°c., but outside this 
range deterioration (which proceeds logarith- 
mi(;ally) is rapitl, especially at acidities above 
pH 4*5 (Molinas and Welch, J. Amer. Pharrn. 
Assoc. 1947, 36, 41). The other penicillins, 
especially penicillin K, are loss stable. Rise of 
temperature has a considerable effect on stability, 
a rise of 10®c. causing a three-fold increase in the 
rate of decomposition. Solutions of yellow 
sodium penicillin in general show the same order 
of stability as solutions of crystalline material 
but some samples show enhanced stability, 
while relatively crude batches such as occurred 
in the early days of penicillin give markedly less 
stable solutions. The decomposition of penicillin 
in solution is due to hydrolytic opening of the 
oxygen ring with formation of ponicilloic acid. 
Thus there is a gradual increase in the acidity of 
the solution and consequently an autocatalytic 
action resulting in a progressively increasing rate 
of deterioration (Lester Smith, Quart. J. Pharm. 

1946, 19, 309). Crude penicillin probably con¬ 
tains an inactivator, of unknown nature, which 
is removed during purification; the purer forms 
of yellow sodium salt probably contain a sub¬ 
stance having a buffer effect and limiting the 
change of pH which would otherwise result from 
the hydrolytic decomposition (Lester Smith, 
l.c.); solutions of yellow penicillin are therefore 
more stable as a rule than solutions of crystalline 
material, The addition of buffers to solutions 
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tends to retard deterioration and various sub¬ 
stances have a stabilising effect independent of 
buffer action, notably sodium citrate, sodium 
hexametaphospliate (Lester Smith, l.c.) and 
sodium phosphate (Pratt, J. Amer. Pharm. Assoc. 
1947, 36, 69). 

In solution, the salts of heavy metals such as 
copper, zinc, and mercury favour decomposition, 
especially in the presence of air, but in their 
absence dry penicillin is stable towards atmo¬ 
spheric oxygen. Alcohols have a slow action, 
due to formation of pcniciUoic acid esters, and 
glycerol also has a destructive effect. Some 
varieties of rubber, both natural and synthetic, 
cause rapid destruction, and care is consequently 
necessary in selecting any rubber which is to 
be used in connection with penicillin (Cowan, 
Lancet, 1945, 1 , 178; Thomas, Brit. Med. J. 
1945, 2, 508, 741). p-C’hlorophenol and cresol 
are to be preferred to chlorocresol as antiseptics 
in injections of penicillin, since they do not so 
readily produce a turbidity. Phenol also is 
satisfactory. 

Bacterial contamination is a most important 
factor in the stability of penicillin solutions. 
Many bacteria ])roduce enzyme^?, collectively 
referred to as j)enicillinase,” which rapidly 
hydrolyse penicillin and thus destroy its activity. 

l‘enicillinase is much more stable than penicillin 
and is destroyed only on relatively prolonged 
boiling. Aqueous preparations of penicillin 
whic'h are intended to be stored for a time must 
therefore be prepared and kept under sterile 
conditions. This is especially necessary with 
preparations which are of such a composition as 
to favour the development of bacteria. 

Chemistky. 

From ] 943 until the end of the Second W'^orld 
War, it is probable that more chemists were 
working on the constitution and synthesis of 
penicillin than had ever before collaborated on a 


single substance. Thirty-nine teams in British 
and American industrial and academic institu¬ 
tions were involved. The constitution of tho 
various penicillins was established with almost 
complete certainty and synthesis was accom¬ 
plished, but only in extremely low yield. A 
monograph which will give a detailed account of 
this work is in course of preparation (1947) by 
British and American chemists, but summaries 
covering certain aspects of the collaborative 
research have been released for publication (see, 
e.gr.. Nature, 1945, 156 ^ 766; Science, 1946, 104 , 
431). 

The first crystalline derivatives of j^enicillin 
to be described were penicillamine (Abraham, 
Chain, Baker, and Robinson, Nature, 1943, 151 , 
107) and penillie acid (Duffin and Smith, idid. 
1943, 151 , 251). Later, penicillin itself was 
crystallised as the sodium salt, following purifi- 
fication by various chromatographic procedures, 
including adsorption chromatography on alumina 
and other substances, and two modified forms 
of partition chromatography (Martin and Synge, 
Biochem. J. 1941, 35 , 1358). The latter tech¬ 
nique was made applicable to acids such as 
penicillin, which are readily extracted from 
water by organic solvents, by incorporating an 
alkaline-earth carbonate with the damp silica 
used to prepare the column, or by moistening 
the silica with a strong buffer solution instead of 
with water (B.P. 569844; Catch, Cook, and 
Heilbron, Nature, 1942, 150 , 633). 

Some confusion was at first created by the fact 
that crystalline penicillins isolated in Britain 
and America had different properties. It is now 
known that there are at least six different 
naturally-occurring penicillins; they aU have 
the same ring structure but differ in the nature 
of tho side-chain. The empirical formula is 
C 9 H 12 O 4 SN 2 R; the R groups with the names 
of the corresponding penicillins in the three 
terminologies now current, are tabulated below ; 


Peiiicilliij. 

I F 

II G 

III X 

— K 

— llihydro F 

— Flavicidin 


J ^-pentenylijcnicillin 

benzylpenicillin 

p-hydroxybenzylpenicillin 

n-heptylpenicillin 

w-amylpenicilHn 

J 3-pentenylpenicillin 


—CHaCHrCHCHgMe 
—CH 2 'CgH 5 
-CH2CeH,OH(p) 
-[CHgle'Me 
—[CH 214 Me 
—CHgCHgCHiCHMe 


The last, flavicidin, is only known to be pro¬ 
duced by the mould Aspergillus flavus (Fried 
et ak, J. Biol. Chem. 1946, 163, 341), but all the 
others are produced in various proportions by the 
mutant strains of Penicillium chrysogenum com¬ 
monly used for production of penicillin by sub¬ 
merged culture. Penicillin I or F was the pre¬ 
dominant product from the early strains of 
P. notatum grown bn certain synthetic media 
and was the first penicillin to be isolated by the 
British teams. The name “ penicillin IV ” was 
given to a variety of penicillin of unknown com¬ 
position obtained by Goodall and Levi (un- 
giblished). It is not identical with penicillin 

The addition to the medium of phenylacetic 
acid, and other compounds carrying the benzyl 
group, tends to increase not only the total yield 


of penicillin, as previously stated, but also the 
proportion of penicillin II (G or benzylpenicillin) 
in the mixture. Analogous compounds, carry¬ 
ing the p-hydroxybenzyl group, tend to increase 
somewhat the proportion of penicillin III (X or 
p-hydroxybenzylpenicfilin). A number of “ un¬ 
natural ” penicillins have been prepared by this 
kind of partial biosynthesis using appropriate 
precursors. Another series, of penicillins have 
been made by chemical modification of penicillin 
III, exploiting the reactivity of this phenolic 
compound with, e.g., diazonium compounds. 

The structure of the penicillins is probably best 
represented by formula ( 1 ) comprisii^ fused 
thiazolidine and jS-lactam rings. The incipient 
azlactone grouping of formula ( 2 ) is a less likely 
alternative. The oxazolone structure shown in 
formula ( 3 ), although now discredited, is in- 
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eluded because it inspired a cjood deal of the 
earlier synthetic work. 
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the monobenzylamide of pcnicilloi(^ acid (formula 
d). With mercuric (Chloride this yields peni¬ 
cillamine and penaldic II acid benzylamide, 
characleriscd by catalytic redinttioii to hoxa- 
hydrophenylacetylserine hexahydrobcnzylarnide 
(formula (3) and comparison with a synthetic 
specimen 
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The penicillins are strong monobasic acids (pK 
about 2-8) containing no basic group. Dcgi ada- 
tion by various means leads to a characteristic 
amino-acid, penicillamine. This was found to be 
d-^^-dimethylcysteine, a structure confirmed by 
83 rnthe 8 i 8 . It is noteworthy that this a-amino- 
acid belongs to the “ unnatural ” or d-serics. 
Mild oxidation yields the disulphide, tetra- 
mcthylcystine; more vigorous oxidation gives 
dimethylcysteic acid or penicillaminic acid. 
Many other derivatives are known, including a 
series of thiazolidines arising from reaction of 
penicilliamine with aldehydes and ketones. 

The )3-lactam ring of penicillin is unusuaDy re¬ 
active. Dilute aqueous ftlkali opens it quantita¬ 
tively in a few hours at room temperature with 
consumption of one molecule of alkali to yield the 
salt of the dibasic penicilloic acid. Methyl 
alcohol yields a monomethyl ester of the same 
acid (formula 4). Diazomethane, on the other 
hand, yields the methyl ester of penicillin itself 
which, although almost inactive against bacteria, 
regains in vitro activity on mild hydrolysis and 
also exhibits in vivo activity in suitably infected 
mice. On degradation tvith aqueous mercuric 
chloride, this methyl ester yields the methyl 
ester of penicillamine, .thus indentifying its 
carboxyl group as the acidic group in penicillin. 
This was confirmed by other degradations. For 
example, benzylamine reacts with penicillin II 
by the addition of one molecule of water to the 
penicillin molecule as well as two molecules of 
benzylamine, to yield the benzylamine salt of 


Similarly, benzyl peni(;illoic acid methyl ester 
on degradation yields penicillamine and the 
methyl ester of benzylpcnaldic acid, which 
on reduction gives iV-hexahydrophenylacetyl- 
alanine. 

Hydrolysis of the penicillins with hot dilute 
acid yields, besides penicillamine, one molecule 
of carbon dioxide and the corresponding penillo- 
aldehydes. Thus d^-pontonylponicillin (I or F) 
yields d'^-hexenoylaminoacetaldehydo; amyl- 
penicillin (dihydro-F) yields n-hexoylamino- 
acetaldehyde (isolated as 2:4-dinitrophenyl- 
hydrazones). Benzylpenicillin (II or G) gives 
phenylaceturic acid, phenylacetamide, phenyl- 
acetic acid, and phenylacetylaminoacetaldehyde. 
The carbon dioxide was thought to arise by 
decarboxylation of an unstable acid, probably a 
penillo-aldehyde-carboxyljc acid, 

CHO CH(COOH) NH CO R 

This supposition w^as proved correct by several 
linos of evidence; the acid is a penaldic acid, 
already mentioned above. When aqueous solu¬ 
tions of sodium benzylpenicillin are heated with 
Baney nickel, sulphur is removed from the mole¬ 
cule yielding dethiobenzylpenicillin, 

in which the )8-lactam ring is left intact. A 
second product of the reaction is phenylacetyl-/- 
alanyl-d-valine, C„H,, 04 N„ in which this 
ring is opened reductivefy. 
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The structures have also been determined of 
the acid inactivation })rnducts, tins penillic acids, 
and their degradation products. Their forma¬ 
tion is now known to involve extcn.Hive rearrange¬ 
ment of the molecule, but failure to recognise 
1 his in the early st agc;s led to some confusion in 
attempts to deduce the structure of penicillin. 
The reaction is accompanied by a large increase 
in optical rotation. The penillic acids being 
sparingly soluble in water are readily isolated in 
crystalline form, even from relatively crude 
])enic illin. They are dibasic acids with one basic 
group, but devoid of a thiol group. Penillic acid 
is isomcrisod to /Aoponillic acid by bar 3 d.a, the 
thiazolidinc ring being o])ened to exhibit a thiol 
group. With cold aqueous mercuric chloride 
the penillic acids are converted to the corre¬ 
sponding pcnillamincs, whitdi are decarboxy- 
lated wopenillic acids. The pcnillamines arc 
stable to hot dilute acid but the penillic acids 
yield penicillamine, carbon dioxide, and the 
corresponding pcnillo-aldchyde, like the peni¬ 
cillins tlu;msolv(!S. The structures 7, 8, and 1) 
for penillic acid, f'.so])eiiillic acid, and pcnillarainc 
have been eonllrmed by s^uithosis. 

McoC--CH COoH 

■| I 

S N-CR 

N 

7. 


Me.C-CHCOoH 

1 I 

SH N-CR 

/ II 



CCO2H 


8 . 




N- 


CH 


CR 

11 

N 


CH 


9. 


Penicillin was synthesised early in 1944 almost 
simultaneously by British and American teams 
(du Vigneaud et al.. Science, 1946, 104, 431). 
The products had an activity of only about 0‘C 
unit per mg., later raised to 3-6 units per mg. 
(compared with 1,667 units per mg. for pure 
sodium benzylpenicillin), and it was not certain at 
the time whether this was really due to penicillin 
or to some antibiotic by-product. Many linos 
of evidence, however, combined to prove that 
penicillin was present and the matter has been 
checked by the isolation of synthetic peuicilUn 
as a pure orystalline salt (du Vigneaud et cU., lx,). 

The eyntnhsis was accomplished by reaction 
between synthetic optically resolv^ d-peni- 
ciUamine and a suitably substituted oxazolone 


bearing a pf)tential aldehyde group, such as 2- 
benz^d - 4 - incthoxyraethylenc - 6(4) - oxazolone 
(formula 10; R^-C 7 H 7 ; R"=CH 3 ) or 2 -styr 3 d- 
4-ctlioxvJnethvlcuo-6(4)-oxazolono (formtda lO; 
R-^C.H.; R^.C.H^) 

RC ~N—C:CH OR' 

I I 

O-CO 

10 . 

The use of /- iriKtoadof d-penicillamine gave no 
antibiotic; activity. The synthetically produc(;d 
antibiotic exhibited the same degree of stability 
towards a number of reagents as did natural 
penicillin, and the two materials showed the 
same “ bacterial spectrum,” i.e., the same ]‘e- 
lativc activity against 7 dillcrent bacteria. The 
s^mthetic material, like natural penicillin, was 
inactivated by the enzyme penicillinase. More 
conclusive evidence of identity was afforded by 
the isotope “ tracer ” technique. Penicillamine 
(;ontaining radioactive sulphur was condensed 
with the oxazolone, the product mixed with 
natural penicillin and crystallised as the triethyl- 
amine salt. This producit, and also sodium 
j)enici1]in and penillic acid prepared from it, 
carried the expected proportion of radioactive 
sulphur. 

Some concentration of the sjnithctic material 
was elfected by counter-current distribution 
between organic solvents and aqueous butler 
solutions, using either j)artition chromatograpliy 
or the apparatus of Craig (J. Biol. Chom. 1944, 
155, 519; 1945, 161, 321). Improvement in the 
reaction conditions and repeated api)lication of 
these fractionation procedures finally led to a 
concentrate pure enough to yield the crystalline 
trieth^damiiie salt of benzjdpenicillin. This was 
identical with the salt of the natural substance 
in melting-point, ultra-violet and infra-red 
absorption spectra, refractive index, antibiotic 
activity, and (noteworthily) in optical rotation. 

Other synthetic penicillins have been made in 
similarly small yields, differing not only in 
respect of the group R, but also in the elimina¬ 
tion or alteration of the two methyl groups, by 
using a-amino-j8-raercapto-acids other than 
penicillamine. 

Assay. 

The original unit of penicillin, referred to as 
the “ Oxford unit,” was defined as the “ amount 
of penicillin contained in 1 ml. of a certain phos¬ 
phate buffer solution containing ether ” (Heatley, 
Biochem. J. 1944,88, 64). This purely arbitrary 
unit served the purposes of the early investi¬ 
gators but is, of course, useless to others. 
Penicillin is usually assayed biologically, and the 
activity of a sample under test can only bo 
determined by simultaneous comparison, under 
conditions as nearly as possible identical, with a 
stable standard preparation. 

The first British standard preparation, known 
as the Provisional British Standard, was created 
in 1944. It consisted of very impure material 
and was assigned a potency of 166 Oxford units 
per mg. In America a master standard, believed 
to consist of crystalline penicillin G, was assimed 
a potency of 1,660 units per mg. Later in 1944, 
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an international conference, held under the 
auspices of the Permanent Commission on 
Biological Standardisation of the Health Organi¬ 
sation of the League of Nations, agreed to the 
setting up of an international standard. This 
preparation is believed to contain 99’75% of 
penicillin G and 0-25% of penicillin E. The 
international unit of penicillin is defined as the 
activity contained in O-O microgram of the 
International Standard Preparation; it is 
approximately the same as the original Oxford 
unit. The international Standard Preparation 
is stored and distributed by the Department of 
Biological Standards, National Institute for 
IVledical Research, Hampstead, London, N.W.3. 
For a full account of the preparation of the 
standard and of the manner in which it was 
assayed, see Quart. Bull. Hlth. Org. l^.o.N., 
1945-46, 12, 250. An international working 
standard was also established for use in checking 
national standards in those countries which have 
set them up. 

The assay procedure which in one form or 
another has come into almost universal use was 
originally devised by Heatley {sea Lancet, 1941, 
2, 177 ); it is referred to as the “ cylinder plate ” 
method and its advantage is that sterility of the 
solutions to be tested is not necessary. A suit¬ 
able agar medium is poured into potri dishes and 
allowed to set. The plates are seeded with the 
test organism, commonly Staph, aureus^ by 
pouring a broth culture on to the surface of the 
agar, draining off the excess, and drying. 
Small open-ended cylinders about 1 cm. high 
and 0-5 cm. internal diameter, usually made of 
glass or porcelain, are then placed gently on the 
agar plates so as just to break the surface, four 
or five being equally spaced in a circle on ea(;h 
petri dish. The solution of penicillin to be tested 
is prepared in 0-1 m. phosphate buffer at pH 7 
and diluted with more of the same phosphate 
buffer to produce dilutions containing about 0*5, 
1-0, 1*5, and 2*0 units per ml. Solutions of the 
standard penicillin of about the same concentra¬ 
tion are also prepared. The dilutions of the 
unknown and of the standard are pipetted into 
the cylinders, and the dishes are covered and in¬ 
cubated at 37® for 12-18 hours. The penicillin 
solutions diffuse out through the agar at the base 
of the cylinders and prevent the growth of the 
test organism so that a clear circular zone is 
formed around each cylinder. The diameter of 
the clear zone is a function of the concentration 
of the penicillin in the solution contained in the 
corresponding cylinder; it is approximately pro¬ 
portional to the logarithm of the concentration. 
It is important to note that owing to this 
logarithmic relation a comparatively small 
difference in ring diameters may denote a large 
difference in penicillin concentrations; conse¬ 
quently it is essential that the standard and the 
unknown are handled as nearly as possible in 
exactly the same way. Many seemingly in¬ 
significant points of divergence in treatment may 
however occur. For example, the position of a 
cylinder in relation to the point where the excess 
of the culture of the test organism is poured off 
may affect the zone diameter, and so also may 
the position of a plate in the incubator. Where 
large numbers of assays are involved, these 


sources of error can to a large extent be obviated 
by conducting assays on a range of dilutions of 
the standard preparation and constructing a 
“ standard curve “ connecting ring diameters 
and quantity of penicillin, a standard curve 
being constructed for each day’s work. The 
concentration in an unknown solution can then 
be read off on this curve from the ring diameter 
observed. In order to confirm that the curve is 
applicable to any particular unknown it is 
advisable to include one cylinder of standard on 
each plate of unknown. If there is a divergence 
between the ring diameter obtained with the 
standard and that corresponding to the same 
quantity of standard as shown on the standard 
curve, a proportional correction can be applied. 

Ill an attempt to eliminate as many variables 
as possible in the assay the U.S. Food and Drug 
Administration have described the procedure 
in considerable detail, and given specifications 
for the medium and its ingredients (Federal 
Register, 1947, 12, 2217). They have also 
adopted the statistical method of Knudson and 
Randall (J. Bad. 1945, 50, 187) for calculating 
the results. Bhss (J. Amer. pharm. Assoc. 1946, 
35, 6) has described anotlier procedure which is 
statistically more valid. 

In one of many modifications of this procedure, 
the cylinders are replaced by holes cut in the agar 
medium by, for example, a cork borer. If this 
is adopted the solutions to be assayed should be 
sterile. In another variant the cylinders are 
replaced by discs of sterile filter paper, 1 cm. in 
diameter, which are dipped in the solutions to 
be assayed, drained, and placed in j)osition on the 
plate. 

Whichever modification is adopted, the assay 
should be conducted in tripheate or, preferably, 
quadruplicate and if possible re])eated on another 
day. With the precautions indicated above the 
error probably does not usually exceed 
The species and strain of tost organism used have 
a considerable influence on the result, since most 
samples to be assayed will contain mixtures of 
different penicillins and the effect on the growth 
of the test organism will depend upon its sensi¬ 
tivity to the different varieties and the relative 
proportions in which they are present. 

As an alternative to the plate methods of 
assay, the serial dilution method can be used, 
but the test and standard solutions must be 
sterile. In this method a comparison is made 
of the volumes of the unknown sample and of 
the standard solution which just inhibit growth 
of the same volume of a broth culture of the test 
organism. A detailed account of the conduct 
of both cylinder plate and serial dilution assays 
is given in the British Pharmacopoeia. The 
U.S. Pharmacopoeia XIII prescribes for the 
assay of penicillin and its preparations the pro¬ 
cedures adopted by the Food and Drug Admini¬ 
stration {see Federal Register, l.c.). 

Micro-scale biological methods of assay have 
been developed and are of particular value for 
making determinations of the penicilHn content 
of the'blood and other body fluids. Fleming 
(Lancet, lflNt4, 2 , 621) has described a “ slide¬ 
cell’* method, in which a serial dilution pro¬ 
cedure is carried out on microscope slides, and a 
capillary tube method. 
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Non-biological Methods .—Tho development of 
chemical and phytiical methods of assaying 
penicillin had to await partial elucidation of its 
structure. The first to be described w^as tho 
polar()gra})hic method of Pago (unpublished). 
Tho thiazolidine ring is opened by hydrolysis, 
first with alkali, then with acid, and the 
liberated— SH group is determined by tho very 
seiKsitive catalytic cobalt step. This method can 
be used with relatively small amounts of peni¬ 
cillin and it has about the same accuracy as the 
cylinder plate proccidure ; unfortunately it is no 
less time-consuming. 

Later methods depend on tho hydrolytic or 
ammoiK)lytic opening of the lactam ring. Two 
methods have been described, one colorimetric, 
the other fluorimctric ; in both the ring is opened 
by coujding the ptuiicilliii with an ethylenedi- 
amine derivative. In the colorimetric method 
(Scudi, J. biol. Chem. 194f), 164, 18.3) the (;om- 
pound employed is N-(l-riapIithyl-4-azoben- 
zene)ethylenediamine. Penicillin solution is 
acidified and shaken with ether to extract the 
free acid and the coupling is effected in benzene 
solution with a little acetic’, acid as (catalyst. 
Excess of the basic reagent is removed by wash¬ 
ing with acid; the acidic penicillin complex is 
removed witli alkali and determincHl c’olori- 
mc’trically. In the fluorimetric method (Scudi 
and Jelinek, ibid. 194(k 164, 194) the compound 
used is li-methoxy-6-chloro-9-(N-c»thylencdi- 
amme)acridine, but the procedure is otherwise 
similar. These methods, especially the fluori¬ 
metric, are very sensitive and with carc^ can be 
made more accurate than biological procedures. 
The many manipulations involved are, however, 
tedious and readily introduce errors. 

Tho simplest chemical procc'dure is a modified 
saponification-value determination. The peni¬ 
cillin solution is adjusted to about pK 8, a 
measured cxcecs of alkali is added and after 
about 3 hours at room temperature the remain¬ 
ing alkali is back-titrated with standard ac*id to 
the initial pH. Most conveniently about O-l g. 
of penicillin is used per assay, which permits 
use of N./IO reagents and an indicator (e.g., 
(he.sol Red). With smaller (piantities of peni¬ 
cillin or with highly coloured samples electro¬ 
metric titration is preferable. When highly 
potent penicillinase is available even tho back 
titration can be avoided. After adjustment to 
pH 8 penicillinase is added, and the penicilloic 
acid produced is titrated with alkali, added in 
portions if necessary to maintain tho solution 
near the pH optimum for the enzyme, i.e., about 
pH 7. Crude penicillinase preparations contain 
too much buffering material to be suitable. 

Several oxidation methods have been pro¬ 
posed. Hydrogen peroxide, for example, in 
presence of a trace of heavy metal catalyst, be¬ 
sides releasing the potential carboxyl group 
produces another acidic group by oxidising the 
S to a sulphonio acid, thus giving two acidic 
groups per molecule to titrate. More convenient 
and sensitive, however, is the iodometric method 
of Alicino (Ind. Eng. Chem. [Anal.], 1946, 18, 
619), which is recognised by the IT.S. Food and 
Drug Administration in the test for the stability 
of crystalline penicillin (Federal Register, 1947, 
12, 2222). The lactam ring is opened with 
VoL. IX.—18 


N. alkali, the solution is acidified and N./lOO 
iodine is added ; after 15 minutes standing the 
excess iodine is titrated with N./lOO thiosulphate; 
1 mg. of pure sodium penicillin G ciorrosponds to 
2-52 ml. of N./lOO iodine. The nuffluxl is 
empirical, 7-9 atoms of iodine being required 
per molecule according to txmditions, which 
have to be closely standardised, while standard 
penicillin should be used as a control. A blank 
titration is necessary, omitting tho alkali treat¬ 
ment, to correct for penicilloic acid or other 
oxidisablo impurities present. A further source 
of error is that the different varieties of peni¬ 
cillin have slightly different molecular weights 
and consequently the weight of each whicli is 
equivalent to unit volume of standard iodine is 
not identical. For this reason tho method cannot 
give tho same results as tho biological procedures 
except with a solution of a single variety of 
penicillin when a pure specimen of the same 
variety is available for use as a standard in the 
biological test. 

Separation and Assay of Individual 
Penicillins.—When present in complex mix¬ 
tures, as is usual from manufacture by sub¬ 
merged culture, the penicillins are not easy to 
8 C])arate or assay individually. “ Differential 
assays ” which take advantage of differences in 
rc.spoiise to two organisms, usually Staphy¬ 
lococcus aureus and Bacillus subtilis, can bo used 
for suitable binary mixtures, e.g., of penicillin 11 
with cither penicillin III or penicillin K; the 
accuracy is low and there is seldom assurance 
that other penicillins are absent. 

Partition methods are av^ailablc in certain 
instances. Penicillin III, by virtue of its 
plumolic group, is less readil 3 '' extracted than tho 
other penicillins from acidified aqueous solutions 
by organic solvents, especially chloroform, and 
TK’arly complete separation can be effected by 
this m^ans. Conversely, the long side-chain of 
penicillin K renders it the most readil}^ ex¬ 
tracted by solvents. Differences in partition 
coefficients are not great enough to permit com¬ 
plete separation, but at the most favourable pH 
values, namely 5-6, chloroform extracts much 
of this penicillin and only small proportions of 
the others. Dihydroponicillin I and penicillin 1 
arc more readily extrac'tcd than penicillin II, 
but tho differences are too small to peirmit separa¬ 
tion unless multiple countercurrent extractions 
are employed. This can be done most prac¬ 
tically with modifications of j^artition chromato¬ 
graphy. For example, Fischbach et al. (Science, 
1946, 104, 84) have described a technique aj)plic- 
able to the determination of peni(dllin K. in 
mixtures. Goodall and Levi (Nature, 1946, 158, 
675; Analyst, 1947, 72, 277) have described a 
modification of tho paper strip chromatography 
of Consden, Gordon, and Martin (Biochem. J. 
1944, 38, 224) for the determination of all tho 
penicillins present in mixtures. Strips of filter 
paper are soaked in strong buffer solutions 
(pH 6-7) and dried. A spot of penicillin solu¬ 
tion, containing 2-30 i.u. in 1 pi., is applied near 
one end, and this end is then bent over and 
dipped in a trough of ether, while the rest of the 
strip hangs vertically in a chamber saturated 
with water vapour and ether. After about 
20 hours at 0-6"c. the strip is placed on a large 
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sheet of nutrient agar, seeded with spores of 
Bacillus subtilisy which is incubated overnight, 
after remaining cold a few hours to allow 
penicillin to difiuse from the strip. The various 
penicillins become visible as elliptical zones of 
inhibition along the strip, arranged in order of 
partition coefficients. The proportions present 
can be calculated from the widths of the zones. 

Some chemical methods have been suggested 
for assay purposes. For example the phenolic 
group of penicillin X should lend itself to deter¬ 
mination, as also the unsaturatod side-chain of 
penicillin F. A specific method for penicOlin G 
based on nitration of the benzene ring has been 
proposed by Page and Kc^binson (Nature, 1946, 
158, 910). 

It has .been claimed that the proportion of 
penicillin II in a mixture of pure penicillins can 
be determined by its exclusive precipitation as 
crystalline ethylpiperidine salt from a mixture 
of amyl acetate and acetone under controlled 
conditions (Sheehan et al., J. Arner. Chem. Soc. 
1946, 68, 2407). This method is adopted by the 
U.S. Food and Drug Administration (Federal 
Register, 1947, 12, 2222). 

Pharmacology. 


Organism, 

Penicillin concentration 
required to kill in broth culture. 

Least 

sensitive, 

i.u.pcrml. 

Most 
sensitive, 
i.u, per ml. 

Majority, 
i.u. per ml. 

Gonococcus . 

0*008 

0*002 

0*004 

)3-IStreptococcua . 

0*02 

0*004 

0*008 

Pneumococcus 

0*06 

0*008 

0*03 

a-Streptococcus . 

0*13 

0*008 

0*03 

Meningococcus 

0*6 

0*02 

0*13 

Staph, aureus 

2*0 

0*02 

0*06 

H asmojihilus 




haemolyticus 

0*5 

0*03 

0*06 


The following Table gives an indication of the 
activity of the four main varieties of penicillin 
against typical strains of pathogenic organisms 
(Eagle, J. Path. Bact. 1946, 52, 81). The figures 
represent the in vitro activities of penicillins F, 
X, and K compared with that of penicillin G 
taken as 100 in each instance: 


Variety of 
pencillin. 


Jielative activity per rag, against 


Staphylo¬ 

coccus. 


Strc])to- Treponema 
coccus. pallidum. 


The importanco of penicillin arises from a, so 
far, unique combination—an almost complete 
absence of toxicity and a high antibacterial 
activity against a wide range of common pat ho- 
genic organisms even in the presence of body 
fluids. The action on bacteria is bacterio¬ 
static at low concentrations and bactericidal at 
high; in some instances it is effective against 
spores as well as against vegetative forms. 
Probably it interferes with some vital function 
of cell life, but the mode of action has not yet 
been elucidated. The folhjwing Table gives 
some of the pathogenic organisms commonly 
regarded as susceptible and resistant, respec¬ 
tively, to penicillin. 

SuscoptiMc. 

Actinomyces. 

B. anthracis, 

Clostridia. 

Corynebacierium diph¬ 
therias. 

Gonococcus. 

Meningococcus. 

Pneumococcus. 

Staphylococcus. 

Streptococcus. 

Treponema pallidum. 


llf'siBtant. 
Bacillus proteus. 
Bacillus typhosus and 
B. paratyphosus. 
Brucella. 

Escherichia coil. 

Haemophilus influenzae. 
Haemophilus pertussis. 
Mycobacterium tuber¬ 
culosis. 

Pseudomonas pyo- 
cyanea. 

Trypanosomes. 

Viruses. 


In connection with the above Table it must be 
remembered that the terms susceptible and 
resistant are relative; sensitivity varies very 
widely with different strains, even of the 
organisms listed as susceptible. 

The following figures (Meads et cd., J. Lab. 
din. Med. 1946, 80, 726) show the range in 
sensitivity among strains of conynon pathogens : 


G 

F 

X 

K 


100 

90 

64 

138 


100 

82 

140 

120 


100 

63 

61 

76 


The objective in therapeutic administration is' 
to maintain an effective level in the blood stream 
for as long a period as possible, preferably 
continuously. 

Dosage schemes may be based either on the 
frequent or continuous injection of relatively 
small amounts or on the injection of larger doses 
at longer intervals. The former method is more 
economical in the amount of penicillin used but 
is possible only in hospital practice. Injections 
are commonly given every 3 hours, the total 
dose in 24 hours being 100,000-600,000 units. 
In the alternative procedure, doses may be 
given once or twice a day, each dose being from 
60,000 to 1,000,000 units or more. After reach¬ 
ing the bloodstream the greater part of each dose 
is excreted through the kidneys. Numerous 
attempts have been made to prolong the action 
by retarding the rate of absorption or of excre¬ 
tion but they have not been very successful. 
The most widely used preparation is a suspension 
of calcium penicillin in arachis oil and beeswax 
(Romansky and Rittmann, Science, 1944, 100, 
196). Viscous preparations of this character 
are inconvenient to use; more fluid preparations 
can be made, but appear to give a less prolonged 
action (Ungar, Quart. J. Pharm. 1946, 19, 644; 
see also, however, Berger, ibid. 1947, 20, 22). 
Oral administration is relatively ineffective 
owing to the destructive action of the digestive 
juices and intestinal bacteria. Some clinical 
effect can be produced by giving largo oral doses, 
especially in combination with a buffer. Esters 
of penicillin, such as the methyl and benzyl 
derivatives, are effective orally in some experi- 
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mental animals, but apparently they are not 
hydrolysed in man. 

The difficulty of sc^paraiing tho different 
penicillins present in the mixtures resulting from 
normal commercial manufacturing procedures 
has prevented investigation of their relative 
merits in different conditions. Penicillin K is 
more rapidly excreted than penicillin G and it 
is also more readily destroyed in the body; 
consequently it is, in general, less effective on 
a weight for weight basis. 

Pharmacy.—Penicillin has been used in a 
wide variety of preparatioTis, including lozenges, 
pastilles, chewing wafers, dusting powders, oint¬ 
ments, creams, lotions, sprays for tho nose, 
throat, and bronchial passages, snuffs ami sup¬ 
positories. For full particulars of these, refer¬ 
ence must be made to text-books of pharmacy. 
Calcium penicillin, being less hygroscopic then 
the sodium salt, is preferred for use in su(‘h 
preparations since it can be liaiidlod more easily. 
Preparations made ^vith crystalline sodium 
penicillin are less stable than those made with 
the calcium salt, an observation which is in 
with the know n stabilisiiig effect of some 
impurities. For injections a sterile aqueous 
solution of the sodium salt is most commonly 
used; the solution is made by injecting sterile 
watcr through tho rubber ('losure of the vial 
containing the penicillin. tSusponsions of the 
calcium salt in oil and beeswax, which are 
claimed to give a more prolonged action (.9ec 
above), are also extensively used. 'J'hey have 
to be warmed before use since otherwise tho'y 
are too viscous, and it is difficult to cleanse the 
syringe after the injection has been given. Tho 
oily injections are therefore inconvenient and 
messy. Ointments and creams, which are to be 
applied to wounds or where the skin is broken, 
are supplied in sterile condition. Tho same 
applies to preparations of such a nature that 
penicillinase may bo produced if an appropriate 
organism gains access, and for this reason all 
aqueous preparations should be supplied in a 
sterile condition unless they are likely to be 
used within a few hours. In any event, pre- 
jmrations containing water are unstable and 
should be used as rapidly as possible; they 
should be stored, if at all, in a refrigerator. It 
is desirable that the moisture content of all 
preparations not containing water as an in¬ 
gredient should be as low as possible; for prefer¬ 
ence the non-pcniciUin ingredients should be 
dried before incorporation. When this is done 
the rate of deterioration of non-aqueous prepara¬ 
tions is relatively small and no special care is 
necessary in storing them other than to ensure 
that moisture cannot gain access; it is, however, 
always advantageous to keep penicillin prepara¬ 
tions in as cool a place as is available. 

Veterinary Use.—The restriction in the 
amounts of penicillin that have been available 
for human use has prevented tho same developr 
ment in the use of the substance for veterinary 
purposes. It has, however, been used to a con¬ 
siderable extent for the treatment of bovine: 
mastitis, but its effect necessarily depends on 
the susceptibility of tho infecting organism. 
One of the most common infecting organisms is 
Streptococcus agdktcUm which is penicillin- 


sensitive. Infect ions w^ith Staphylococcus aureus 
seem less readily cured. Treatment is by in¬ 
jection of a sterile aqueous solution into each 
f{uartcr of t he affectc^d udder. Oily suspensions 
have also been given but such preoarations are 
iK)t easy to use. 

J.cgal. 

In Great Britain penicillin and its injectable 
preparations are controlled by Regulations 
(tS.R. & O. ]04(), No. 467) issued under the 
Therapeutic Substances Act, 1925. The effect 
is that the controlled substances may be manu¬ 
factured for sale only by those who are licensed 
so to do by the Ministry of Health in England 
and Wales, by tho Department of Health for 
Scotland in the latter country, and by tho 
Ministry of Home Affairs in Noilhcrn Ireland. 
Licences are granted only when the licensing 
authorities are satisfied wfith tho conditions 
under which the ])reparations will be made. 
Tho Regulations also specify standards for 
potency and tests for sterility and for freedom 
from pyrogenic substances, and lay down various 
re{iuiremcnts iii regard to labelling. 

(kmtrol of tho sale and distribution of peni¬ 
cillin and all preparations containing it is 
exercised by tho Penicillin Act, 1947. This 
Act makes it an ofierK^c to sell tho substance, 
or anything containing it, direct to the general 
public. In general sucfii products may bo sold 
by pharmacists only to medical practitioners, 
dental surgeons, and veterinary surgeons, and the 
general public may obtain supphos only on 
prescription. 

In the United States, standards and tests, 
packaging and labelling arej controlled by the 
Food and Drug Administration under an amend¬ 
ment of the Federal Food, J^nig, and Cosmetic 
Act, dated 6th July, 1945. Penicillin and its 
preparations must be certified by the Administra¬ 
tion before they can bo dealt with in interstate 
commerce. 

H. T. B., A. H. C., and E. L. S. 

PENTAMIDINE. 4:4'-Diamidinodiphen- 
oxypcntanc. Drug used for treatment of try¬ 
panosomiasis and Kala-azar {v. Synthetic 
Drugs). 

S. E. 

PENTLANDITE. A sulphide of iron and 
nickel, nearly (Fe,Ni)S, usually with FeiNi 
close to 1:1. Recent analyses indicate that the 
formula is more correctly (Fe,N 1 ) 988 , and that 
tho mineral may contain small amounts of 
cobalt. Tho pure mineral contains approxi¬ 
mately 34-5% of nickel. It crystallises in the 
cubic system, and is almost always found as 
granular aggregates intimately associated with 
the magnetic iron sulphide, pyrrhotitc, and also 
commonly wdth chalcopyrite. Pentlandite has 
a prominent octahedral parting, a yellowish- 
bronze colour, and metallic lustre. It is brittle, 
opaque, and non-magnetic; p 4*6->5 ; hardness 
3^-4. Although pentlandite is not unliki) 
pyrrhotite in appearance, it can be distinguished 
from it by the octahedral parting, lack of 
magnetism, and absence of auisotropism when 
examined in polished sections in vertical re¬ 
flected light. Its presence is readily detected 
by the dimethylglyoxime test for nickel. 
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Pentlandite is the principal ore inineral of 
nickel. In the famous deposits of 8iidbiiry, 
Ontario, which have yielded during the past 
decade about 85% of tlio world i^roduction of 
nickel, the metal is derived almost entirely from 
pentlandite. Other nickel-bearing suljdiide 
deposits in which pentlandite is practically the 
only source of nickel are those of Petsamo in 
J^'inland, Norway, British Columbia, and Norilsk 
in Siberia. 

1). W. 

PENTOBARBITAL {v. NEMBUTAL/* 

Vol. VIII, 45()(/. ; PENTonAliniTONE yoLUBin:). * 

S. E. 

PENTOBARBITONE SOLUBLE. 

Sodium 5 - ethyl - 5 - a - methylbiitylbarbiturate. 
“ Nembutal/* Sedative, hvpnotic, and ana's- 
thetic. B.P. Add. VIT, B.P.C. Supp. VIl (r. 
Synthetic Orugs). 

S. K. 

PENTOTHAL. Sodium .5 - ethyl - 5 - a - 
mcthylbutyl-2-thiobarbiturate. Aniesthctic (in¬ 
travenous) (v. Synthetic Drugs). 

S. E. 

PEONIDIN is the anthocyanidin obtained 
by the acid hydrolysis of peonin {q.v.). Will- 
stattcr and Nolan (Annalen, 1015, 408, 13(1) 
using hot 20% hydrochloric acid found that 
peonidin chloride crystallised from the solution 
in the form of slender needles of the mono- 
hydrate, C^^jHjgOgChHgO, which superlicially 
resembled one of the forms of cyanidin chloride. 
By transmitted light the peonidin salt is reddish 
grey-brown, while the cyanidin salt is more 
bronze brown-red. In its high solubility in 
alcohol, in the line, violet-red colour of the 
solution, and in its behaviour towards hydro¬ 
chloric acid, sulphuric acid, and sodium car¬ 
bonate, peonidin resembles cyanidin. In other 
respects the two anthocyanidins show widely 
difi'erent properties. Peonidin cliloride is fairly 
easily soluble in cold water forming a brownish- 
red solution, and very easily on warming, whilst 
cyanidin chloride is very sparingly soluble. (A 
hot dilute aqueous solution of peonidin chloride 
decolourises rapidly owing to jpsendo-base forma¬ 
tion.) Water added to a concentrated solution 
of peonidin chloride in alcohol changes the 
colour to brownish-red ; under the same cir¬ 
cumstances violet flocks separate from a solution 
of cyanidin. A violet colour develops when 
potassium acetate is added to an alcoholic solu¬ 
tion of peonidin, but there is no important colour 
reaction with ferric chloride; an alcoholic solu¬ 
tion merely becomes more intense. The chloride 
is sparingly soluble in 1% hydrochloric acid 
(easily on warming) or in stronger acid. The 
sulphxite crystallises from 7% sulphuric acid in 
microscopic brown needles. The picrate (brown¬ 
ish-red needles) separates more readily than does 
that of cyanidin. 

The constitution of peonidin (I) as a cyanidin 
monomethyl ether is established by the following 
facts: demcthylation with hydriodic acid in the 
presence of phenol aifords cyanidin; alkali- 
fusion experiments indicate that the methyl 
group is attached to the 2-phenyl group of the 
anthocyanidin. Peonidin has been synthesised 
by condensing acetylated phloroglucinaldehyde 
with a>-4-diacetoxy-3-methoxyacetophenone and 


hydrolysing the aoylatod flavyhum salt formed 
intermediately (Nolan, Pratt, and Kobinson, 
J.O.S. 1920, 1908). 


Cl OMe 



I. 

Peonidin derivatives are not very widely dis¬ 
tributed in nature. In their survey of antho- 
eyanins, G. M. and R. Bobinsou (Bioehem. J. 
1931, 25, 1087; 1932, 26, 1047; 1934, 28, 1712) 
have observed the presence of a peonidin-3- 
glycoside in Vcrhascurn phcc-uiccum, a 3-pentose- 
glycoside in a variety of Cyrlanieu, a 3-biosido 
in Cosmea bipinnaki, and 3:r)-diin6nosides in 
Sweet peas, Strcptocarpus, Fusekia, and probably 
in varieties of Magnolia. 

W. B. 

PEONIN is the anthocyanin colouring mat¬ 
ter of the flowers of deep violet-rod peonies. It 
was isolated by Willstatter and Nolan (Annalen, 
1915, 408, 130) by extracting the dried ami 
powdered petals with methyl-alcoholic hydrogen 
chloride and precipitating it from the filtered 
solution by adding ether. Partial extraction of 
the dark-red syrupy product with warm 2% 
methyl-alcoholi(^ acid dissolved colloidal and 
hygroscopic substances, leaving a residue which, 
when stirred with methyl-alcoholic hydrogen 
chloride containing glacial acetic acid, became 
granular and then powdery. After extracting 
again with warm methyl-alcoholic; acid, the 
residue was cryst allised from hot n./ 2 HCI. The 
yield was (> g. from 1 kg. of j)owdered petals. 

Crystallised as described, peonin chloride 
forms the 'pentahydrate, 

consisting of lustrous, bronzy, brownish-red 
needles, which by transmitted hght appear red- 
violet, and when powdered are brick-red. It 
melts with decomposition at 105°. 

Peonin resembles cyaiiiii closely in many of its 
propertie.s. The two anthocyanins dissolve in 
7% sulphuric acid with the same colour. The 
rate of pseudo-base formation is the same for 
both, as also are the reactions with sodium 
acetate (violet), sodium carbonate (blue), and 
sodium hydroxide (blue, becoming green on 
standing). The two anthocyanins differ however 
in their reaction with ferric chloride. Peonin is 
scarcely affected, whilst cyanin gives a blue 
coloration. A further difiTerence is observed in 
the solubility of the salts. In cold water peonin 
is very easily soluble, the colour quickly fading 
on account of pseudo-base formation. It is also 
considerably soluble in cold alcohol; in this 
solvent, too, isomerisation occurs readily. It is 
sparingly soluble in cold, dilute hydrochloric 
acid; at 20°, 1 litre of 1% acid dissolves only 
0*11 g. of the chloride. In cold 2 n- HCI it is 
insoluble, but it dissolves on warming. The 
solubility is also greatly increased if impurities 
are present. Peonin is more sparingly soluble 
than cyanin in 7% sulphuric acid; it separates 
from the solution in small red needles. A solu¬ 
tion of peonin in 1% ethyl alcoholic hydrogen 
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chloride is violet-red, redder than a correspond¬ 
ing solution of cyanin. The picrate of peonin is 
very readily formed, crystallising even when 
picric acid is added to a suspension of the 
chloride in water; the chloride dissolves and 
the picrato separates in the form of brownish-red 
needles, which under the microscope api)car red- 
violet. 

Peonidin chloride (1 mol.) and glucose (2 
mol.) are formed when peonin is hydrolysed by 
short boiling with 20% hydrochloric acid. The 
points of attachment of the glucose units have 
been ascertained, and the suggested structure of 
the anthocyanin has been confirmed by a syn¬ 
thesis in which aj-tctra-acctyl-j3-gluco8idoxy-4- 
acotoxy-3-mcthoxyacetophenono (IT) was con¬ 
densed with 2-O-totra-acotyl-^-glucosidylphloro- 
glucinaldehyde (I) to form a fiavylium salt, 
which was then deacetylated to peonin cliloride 
(III). 



I JCHO 

(AcO),C«H^0 

1 . 


AcOr^'^% 

MeoL Jc0CH2 0 CyH 70 ( 0 Ac )4 
11 . 


HO 


Cl 


OMe 


OH 


111 . 


0-U>4 x]0~%. solutions of both the natural 
and synthetics chlorides in 0*1% methyl-alcoholic 
hydrogen chloride show identical absorption 
spectra with a maximum at about 5,200 a. 
(Robinson and Todd, J.C.S. 1032, 2403). 

W. B. 

PEPPER. The dried fruit of Piper mgrum 
Linn. (Fam. Piperaceje), indigenous to vSoiith 
India, but cultivated there and also in the West 
Indies and many tropical countries. The various 
Long peppers, cubebs, wnd Betel nuts belong to 
the same family. The plant is a climbing woody 
vino growing to a height of 12-20 ft. and sup¬ 
ported on poles or trees. The flowers and fruits 
are sessile, 20-30 growing directly from the 
flower spikes, and the berries are about 3*5- 
6 mm., usually about 6 mm., in diameter. 
Black Pepper is gathered when the lower berries 
begin to turn red, and dried in the sun or by 
artificial heat, by which process it becomes 
black and shrivelled. Two crops are collected 
annually. White pepper, which is a pale buff 
in colour, is the riper berry taken from one end 
of the spike or by gathering the whole spike when 
more mature, and deprived of a portion of the 
pericarp or outer skin by fermentation, treading 
down, and washing, or by macerating in water, 
and then rubbing in baskets to remove stalks 


and pulp. The bcjrries, even after this, are larger 
than those of black pepper, but the greater 
degree of ripeness do€5S not show itself in any 
other respect. The flavour of white pepper is 
less pungent than that of black pepper and is 
preferred in Europe, though black pepper is 
more pojjular in America. Decorticated white 
p(ipper is pepper from which practically all the 
seed coats have been removed. Tbe process is 
carried out by the sj)ice miller and the resulting 
ground product ])08sesses a white (‘oloiir, a low 
ash, very little fibre, and—some think—very 
little flavouring pungency. 

The chief varieties of black pepper sold in the 
market are IMangalore, Malabar, I>amy)ong, 
Alleppi, Tcllicherry, Penang (or Acheen), Siam, 
Ceylon, and Singapore, the names being taken 
from the districts in which they are grown, or 
from the port from which they arc shipped. 
Trang pepper has now riisaj)peared from the 
market. The chief varieties of white pepper are 
White Mantok, Ceylon, and Sarawak. 

Macroscopic Examination. —Pey)per possesses 
no stalk, as usually understood, at the base, but 
a small peduncle composed largely of 10-15 
fibro-vascular bundles, by wdiich the fruit is 
attached to the spike arul which radiate in all 
directions in the parenchymatous layer to the 
apex, below the (niter epidermis and the layer 
of stone cells, so that parts of it are found in 
white as well as in black pepper. The fruit 
should bo soaked for 24 hours before dissection 
to soften it. A cross-section shows an outside 
fruit layer or pericarp composed of an outer 
epidermis (in black pepper only), a layer of 
stone-cells, a layer of parenchyma, in wJiich are 
embedded some oil cells, the fibro-vascular 
bundles lined with oil cells, a, single layer of cells, 
and a double laytu* of brown pigment cells. The 
seed, which lies within the pericarp and which 
it completely fills, consists almost entirely of 
perisperm surrounded by a seed coat of three 
layers and a very thin epidermis. At the apex 
of the seed there is a small depression below 
which is the minute embryo and the endosperm. 
In the centre of the perisperm a cavity is always 
found in white and generally in black pepper. 

Microscopical E.mrnination .—^The pericarp 
consists of seven layers: (1) the epicarp con¬ 
sisting of polygonal cells with dark contents and 
occasional stomata, (2) the bypoderm consisting 
of thick-walled sclerenchyraatous or lignified 
cells in one or tw^o rows, (3) the outer mesocarp 
consisting of about twelve rows of thin-walled 
parenchymatous cells containing oleo-resin cells 
wdth crystals of piporine in some of them, (4) the 
fibro-vascular bundles, (5) the layer of large 
polygonal oil cells, (6) the inner parenchymatous 
layer of small cells with slightly sclerenchy- 
matised walls, and (7) an endocarp layer of 
beaker- or horseshoe-shaped cells heavily sclo- 
renchymatised on the radial and inner walls 
and which are bright and colourless. The 
Bclerenchyma cells, if previously bleached with, 
sodium hypochlorite, stain yellow fairly readily 
with zinc chloroiodide or deep red with aafranin ; 
the parenchyma cells stain blue with zinc chloro¬ 
iodide and light red with safranin. The cells of 
the hypoderm are characteristic of pepper, some 
being isodiametric and about 15/i to 2()ft, but the 
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majority are elongated and measure up to lOOp. 
by 20 / 4 . Small oxalate crystals are found in this 
layer, while simple or compoimd minute starch 
grains are found in the parenchymatous layer 
beneath. When examining powdered pepper it 
is seldom that the three layers of the seed coat 
are observed distinctly; they consist of two 
hyaline layers with a layer of dark reddish- 
brown pigment cells. The perisporm or seed of 
the pepper contains abundant food and is com¬ 
posed chiefly of horny protein matter in which 
numerous starch aggregates are embedded, the 
starch grains measuring usually about 4 / 4 . and 
seldom reaching 0 / 4 ., though when examined 
carefully they show a distinct hilum. Most of 
the cells are radially elongated towards the centre 


and occasional oleo-resin cells are distributed 
throughout. 

Pepper is mainly employed as a condiment, 
the shells being used for tinned foods, sausages, 
etc. It has been used since the time of Hippo¬ 
crates in medicine for its stimulating and carmi¬ 
native properties, though it is no longer official 
in the Pharmacopauas. 

Chemical Composition .—The results of the 
analysis of various varieties of black and white 
pepper and of popper shells by Winton, Ogdon, 
and Mitchell; Winton and Bailey (Ann. llept. 
Connect. Exp. Sta. 1898, 198 ; 1903, 158); Doo¬ 
little (Mich. Diary and Food Dept., Bui. 34), and 
C. Arragon (Ann. Fulsif. 1915, 8 , 345) are as 
follows: 


Table I. 



Black pci)i>er. 

White pepper. 

Pepper shells. 


Max. 

Min. 

Av. 

Max. 

Min. 

Av. 

Max. 

Min. 

Moisture. 

12-95 

8-09 

10-26 

14-47 

8-04 

10-90 

11-01 

7-00 

Ash, total. 

7-0 

.3-09 

5-02 

2-96 

0-86 

1 -50 

28-81 

7-82 

Ash, insoluble in HCI, 

1-8 

0-0 

0-61 

0-20 

0-0 

0-17 

22-90 

0-79 

Ash, soluble in water . 

3-32 

1-65 

2-52 

M 6 

0-12 

0-38 

4-66 

1-5,3 

Starch (Diastase method). 

41-75 

22-05 

35-64 

63-60 

48-88 

54-97 

15-30 

2-30 

Ether extract, volatile 

2-78 

0-65 

1-29 

3-58 

0-76 

1-04 

Ml 

0-68 

Ether extract, non-volatile 

l()-,53 

6-10 

7-90 

8-85 

5-65 

6-58 

4-97 

1-51 

Fibre. 

18-89 

I 9-68 

11-88 

7-65 

0-10 ! 

3-87 

32-15 

21-06 

Nitrogen, total 

Nitrogen in fixed ether ex¬ 

2-53 

' 1-86 

2-15 

214 

1-85 

1-99 

2-36 

1-72 

tract . 

0-45 

0-25 

0-32 

0-34 

0-24 

0-30 

0-15 

0-20 

Alcohol extract 

11-86 

I 8-31 

9-44 

8-55 

7-19 

i 

7-66 

6-30 

4-00 


and the following Table given by Richardson 
(U.S. Dept. Agric. Bur. Chem. Bull. 1887, 13, 
II, 206) shows the general composition of black 
and white pepper. 


Table II. 



Black pepper. 

White pepper. 

Water .... 

8-0 -110 

8-0 -11-0 

Ash. 

2-75- 5-0 1 

1-0 - 2-0 

Volatile oil 

0-50- 1-75 

0-5 - 1-75 

Piperine and resin 

7-0 - 8-0 

7-0 - 8-0 

Starch .... 

32-0 -38 0 

40-0 -44-0 

Crude fibre 

8-0 -11-0 

4-11- 80 

Albuminoids . 

7-0 -12-0 

8-0 -10*0 


For routine chemical examination, the ash and 
the ash insoluble in hydrochloric acid should be 
first determined, the analyst being guided as to 
further work by the results of the microscopical 
examination. 

If the total ash exceeds 5% in the case of black 
pepper or 2 % in the case of white pepper, added 
mineral matter may be suspected and a more 
detailed analysis is required. The composition 
of the ash of black and white pepper has been 
examined by Rdttger (Arch. Hyg. 1886, 4, 183) 
and of black pepper by A. W. Blyth (” Foods, 
Their Composition and Analysis,” 6 th ed. 1909, 


p. 495), but in the writer’s opinion the white 
pepper may have been whitened with calcium 
phosphate. The results are shown in Table 111. 


Table III.—Asii of Pepper. 



Black pepper, 

White pepper, 
%. 

KgO .... 

24-4 -34-7 

6-13 

Na^O .... 

1-5 - 5-5 

0-79 

CaO .... 

11-6 -16-1 

33-09 

MgO .... 

3-3 -13-0 

10-59 

' • • • 

0-3 - 2-2 

2-04 

MnOa . . . 

0-19- 0-8 

0-65 

P 2 O 5 .... 

8-5 -11-1 

30-05 

SO 3 . . . . 

4-0 - 9-6 

3-50 

Cl. 

5-4 - 8-5 

0-72 

Silica or sand . 

1-5 - 6-5 

2-05 

CO 2 . . . . 

14-0 -20 0 

10-96 


The constituents to which the flavour and 
aroma of pepper are due are chavicine, piperine, 
piperidine, a volatile oil, and a resin. It was for 
long believed that the pungency of pepper was 
due to piperine, a colourless, crystalline alkaloid, 
m.p. 128°. Piperine is soluble in ether and less 
soluble in alcohol, feebly basic, and optically in¬ 
active, although it is one of four isomeric com¬ 
pounds, being a piperidide of piperic acid. It is 
stated to be present to about 9% in black and 
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7% in whito pepper, though the ovideneo in con¬ 
fusing and it is probable that the actual amount 
of piperine is lower than this in both varieties. 
This anomaly is due to the common method of 
determining the nitrogen in the ether soluble 
portion and calculating the whole of it as 
piperine, whereas allowance should be made for 
chavicine and other nitrogenous compounds. 
Piperine was first isolated in 1819 by Oersted, 
and its composition, CJ 7 H 19 NO 3 , ascertained 
by Regnault. Babo and Keller (J. pr. Chom. 
1857, [i], 72, 53) discovered that piperine could 
be hydrolysed to piperidine and piperic acid, 
and as a result Rugheimer (Bor. 1882, 15, 1390) 
i*fleeted a partial synthesis, but it was left to 
Ladenburg {ibid. 1885, 18, 2956, 3100) to com¬ 
plete its synthesis. Piperine is at first tasteless, 
i)ut if ground with starcli and loft for several 
(lays the mixture aciquirea the intensely bitter 
taste of pepper. An alcoholic solution of piperine 
is similarly bitter, but Ott and Zimmerman 
(Annaleii, 1921, 425, 314) consider that this is 
due to the presence of traces of chavicine. 
Chavicine was first reported by Buchheim (Arch, 
exp. Path. Pharni. 1876, 5, 455) and Ott and his 
collaborators have confirmed his work. Chavicine 
is a resinous compound, more soluble in alcohol 
than piperine, but isomeric with the latter, being 
a piperidide of chavicic acid, which is isomeric 
with piperic acid. Chavicine may be extracted 
from black pepper by alcohol, the solvent 
removed, and the extract treated with ether 
until no further colour is removed. The ether 
solutions are shaken with 10 % caustic alkali, 
washed with water, and the ether removed. 
The residue is steam-distilled to remove all 
essential oils, and then dissolved in ether and 
allowed to stand at 0 ®c. for several days to 
precipitate piperine. The crude resin is ex- 
.tracted with light petroleum, dissolved in alcohol, 
and decolorised with charcoal. After removal 
of the solvent the resin is left as a dark brown 
viscous liquid, which may be further purified by 
solution in benzene, the addition of stannic 
bromide and the precipitation of the additive 
compound by ether. The chavicine is re¬ 
generated by re solution in benzene and precipi¬ 
tation by ether. 

A. and R. Pictet (Helv. Chim. Acta, 1927,10, 
593) have isolated a liquid alkaloid from pepper, 
which they have identified as an opticaUy active 
)?-methylpyrroline, which forms jS-methylpyrro- 
lidine, with racemisation, on reduction with 
tin and hydrochloric acid. The alkaloid forms 
well-defined aurichloride, platinichloride, and 
picrate, all of which have sharp melting-points. 
Their work has not, however, been confirmed by 
Spath and Englaender (Ber. 1935, 68 [B],2218), 
who also claim that piperidine is not present in 
pepper in the free state. It is not clear at the 
present time whether piperidides of wopiperic 
acid or wochavicic acid are present in pepper. 

Although piperine is said to be found only in 
the fruits and seeds of the piper species, H. 
Staudinger and H. Schneider and their col¬ 
laborators, (i&id. 1923, 66 [B], 699), have pre¬ 
pared the piperidides of 8 -phenyl-and 
- 4 ^-pentenoic acid, all of which possess a 
similar flavour to piperine. C. Riecomanni 


(Atti R. Acad. Lincei, 1924, 33, 145) has shown 
that piperidine is unnecessary for obtaining the 
pepper flavour which is possessed by l:4-di-8- 
phenyl-J ^-pentenoylpiperazine. 

Amounts of oxalic acid varying from 0*45 to 
3*39% have been reported to be present in 
pepper. The chief constituent of popper is 
starch, which is about 63% in decorti( atod white 
pepper, 56% in white pepper and 34% in black 
pepper. The protein of pepper does not appear 
to have been investigated, but from the hard 
structure of the porisporm it would appear to be 
similar to that in the horny portion of cereal 
grains. 

Adulieration .—It was reported in 1917 that 
pepper was still the most adulterated spice in 
Canada, 13-7% of the samples not being genuine. 
Wheat starch, rice starch, oat starch, com meal, 
olive stones, coconut shell, sand, cayoime, cal¬ 
cium or magnesium carbonates, and pepper 
shells are the chief adulterants. The husk 
removed from white pepper in the course of 
manufacture is frequently added to both black 
and white poppers, being in the latter case 
bleached by chlorine or sulphur dioxide. If the 
fibre in a whito pepper much exceeds 5% and 
microscopic examination shows the presence of 
the outer portions of the shell, the husk may be 
taken as roughly equal to the percentage of fibi’o 
less 5 multiplied by 3. For a more accurate 
determination, E. R. Smith, S. Alfond, and L. C. 
Mitchell (J. Assoc. Off. Agric. Chem. 1926, 9, 
333) recommend the determination of the fibre, 
d-glucosc and magnesium oxide contents of the 
pepper. The d-glucose value is obtained by 
direct acid hydrolysis of 2*5 g. of the popper 
without previous treatment, heating for 2*5 
hours with 200 ml. of water and 20 ml. of dilute 
hydrochloric acid under reflux, neutralising, and 
determining the dextrose on an aliquot portion 
by copper reduction. Their results are sum¬ 
marised in the following Table : 


Table IV. 


OrlRin. 

No. of 
sainplea. 

Crude 

fibre. 

rf- 

glu- 

CORP. 

MgO. 

MgO 

X 

crude 

fibre. 

MgO 

i,oW 

rf-glu- 

cose. 

Lanipong . 

]8 

13-9 

52-5 

0-42 

5-8 

8*1 

Allepi . 
1'pllicherry 

9 

130 

.50-1 

0-41 

5-3 

7-3 

f) 

14-4 

57-5 

0-40 

r)-8 

70 

Singapore . 
White an<l 
decorti¬ 

2 

15-6 

55-1 

[ 

i 

0-43 

&7 

7-8 

cated 

4 

4-1 

77-9 

()-16 

0-7 

21 

SheUs . . 

4 

31-6 

21-2 

0-80 

25-3 

37-8 

it 


24-4 

29-3 

0-64 

16-6 

21-9 



25-3 

20-7 

0-64 

16-2 

21-r. 


— 

30-0 

2M 

0'79 

23-7 

37-4 

Siftings 


18-3 

12*8 

— 

— 

— 


20-8 

14-8 

— 

— 

— 


— 

24-6 

22-5 

0*61 

15-0 

27-1 


At one time ground olive stones (poivrette 01 
pepperette) were a common adulterant. Under 
polarised light with the microscope they stand 
out brightly in the dark field and exhibit a 
reddish tinge. Most of the structural elements 
of pepper remain almost dark, but long pepper 
exhibits a bluish tinge. Campbell Brown 
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(Analyst, 1887,12, 24) gives the analysis of three 
samples of ground olive stones. Probably the 
commonest adulterant is starch in some form or 
the other, and during the 19110-45 war mixtures 
of pepper, wheat Hour, and cayenne were sold 
as pepper. Rice starch is not so readily 
detected as the larger staiches and 11. Wagner 
(Phann. Weekblad, 1928, 65, 680) recommends a 
stain obtained by dissolving 0-5 g. carmine in 
25 ml. of glycerol and 25 ml. of 4 n. ammonia 
and filtering after some hours. The jiepper is 
soaked in this solution for about 7 hours and 
washed four times with water; rice starch is 
stained an intense violet colour, whilst the 
perisperm of the pepper remains unchanged; 
2 % of rice meal may be detected by this means. 

Excessive proportions of mineral matters may 
be present, owing to the whole berries having 
been insufficiently cleansed from adherent earth, 
or to their having been coated with kaolin, 
french challv, or similar material. The addition 
of chalk or magnesium carbonate to pepper may 
bo readily observed by placing the sample on a 
microscope slide, mixing with chloral hydrate 
containing 1 % dilute hydrochloric acid, and 
covering with a cover slip, pure pepper being 
used as a control. Bubbles of carbon dioxide 
form round the particles of carbonate and can be 
seen under the microscope or a strong lens. 

The rod berries of Schinus molle, when dried 
and roasted, appear somewhat similar to black 
popper and are used for adulteration. When the 
berries are whole they may bo detected by the 
naked eye on breaking the fruit. The drupes 
of Schinus molle show a lignified capsule of 
irregular stellate form. The lignified tissue is 
easily recognised under the microscope, or the 
pepper may bo boiled with Fehling’s solution, 
which is immediately reduced by the sugars 
(10%) present in Srhlnns molle. 

Microbiological Content and Action. —J. W. 
Corran and S. H. Edgar (J.S.C.l. 1933, 52, 149t) 
have shown that black pepper, so far from in¬ 
hibiting fermentation by yeast, actually con¬ 
tains a yeast stimulant. J. Yesair, C. B. Wil¬ 
liams, and L. B. Jensen (quoted by Jensen in 
“Microbiology of Meats,” 2nd ed., Garrard Press, 
1945, p. 345) have shown that black pepper may 
contain from 72,000-40,000,000 bacteria and 
from 500-1,300,000 moulds per g., wffiite pepper 
from 7,000-3,000,000 bacteria and from 2,700- 
110,000 moulds per g., and decorticated white 
pepper 1,380,000 bacteria and 30,000 moulds 
per g. 

Standards. —At the present time there is no 
legal standard for pepper in the United Kingdom. 

Long Pepper is the unripe fruit of Piper 
officinarum Miq. C.D.C. which grows in the 
islands of the Malay Archipelago, or Piper 
longum Linn, (N.O. Piperaceae) which grows in 
Bengal, and the Philippine islands. 

The fruit spike has the form of catkins from 
2 to 6 cm. long and 4 to 8 mm. wide in the case 
of P. officinarum^ that of P. longum being shorter 
(about 2 cm. long) and broader. It consists of 
numerous minute berries disposed along and 
partly embedded in an elongated axis. It has 
an odour and flavour somewhat resembling 
ordinary pepper but weaker and less agreeable, 
the smell becoming decidedly objectionable on 


w'armiug. P. longum rarely comes on to the 
market. Most of the microscopic structure of 
long pepper is very similar to that of pepper, but 
it contains more libro-vascular bundles owing to 
the presence of the spike stalk; others are seen 
between the fruitlets. The stone cells have 
their longer axis parallel to the surface and not 
radiating from it as in pepper. The endoc^arp 
(^ells are not beaker shapcsd as in pepper, nor 
have they thickened radial walls, but are 
elongated. The starch grains, usually about 
6 p, may be as large as lO/t, and are slightly larger 
than those of pepper; thc^^ arc* also found to a 
greater extent in the epiderm than in pepper. 

It contains about the same amount of volatile 
oil and about half the amount of pi 2 :)crino present 
in ordinary pepper and as the fruit often trails 
on the ground the ash is liable to bo high, owdng 
to the inclusion of clay and sand from the 
adherent soil, lor the removal of w'hi(di no 
special steps are taken. The figures obtaiiu'd on 
analysis by Cami)bell Brown (Analyst, 1887, 
12, 68 ), and by Wunton, Ogden, and Mitchell, and 
(h Arragon (/.c.), are as follow^s : 



Mux., %. 

Mill.. 

Total ash. 

9-61 

5-08 

Awh insoluble in HCI . 

()'22 

(il5 

Ether extract non-volatile. 
►Starch and matters (’on- 

7-7 

4-9() 

vcrtible into sugar 

51*6 

42-88 

Fibre . 

i5-70 

5-76 

Nitrogen. 

230 

2-00 

Alcohol extract .... 

8-67 

Starch by diastase , 

39 

5.5 


It contains about 1 % of a light green, viscid 
volatile oil, with an odour similar to that of 
ginger, but tasting like pepper. It does not 
come into the retail market, and its chief use is 
in the pickling and canning trade, and, formerly, 
at all events, for the adulteration of black and 
wdiite pepper {g.v.)^ for w hich j)urpose it may be 
bleached. 

It has been used medicinally as a stimulant 
and carminative. 

T. McL. 

PEPPERMINT, OILS OF [v. Vol. VIII, 
6606). 

PEPSIN. This enzyme, which is the imin- 
cipal proteolytic agent of the gastric juice of 
animals, fish, and birds, was discovered in 1836 
by Schwann (Muller’s Archiv. 1836, 90). It is 
produced by the “ Hauptzellen ” (peptic cells) of 
the gastric mucosa in its zymogen form (pep¬ 
sinogen), which is converted into the active form 
by the hydrochloric acid elaborated by the 
parietal (oxyntic) cells (Carlson, Physiol. Rev. 
1923, 3, 1). This change is autocatalytic under 
acid conditions (Herriott and Northrop, Science, 
1936, 83, 469). The existence of pepsinogen was 
first suggested in 1874 by Ebstein and Grutzner 
(Pfliiger’s Archiv. 1874, 8, 122) and it was first 
obtained from the gastric mucosa of pigs by 
Langley in 1882 (J. Physiol. 1880-82, 8 , 246). 
It differs from pepsin in that it possesses no 
enzymic properties and is not destroyed by weak 
alkali at pH 8 , whereas pepsin is inactivated 
under these conditions. Pig and cow pepsin |Lnd 
pepsinogen have been obtained crystalline by 
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Northrop and his colleagues (J. Gkju. Physiol. 
1930, 13, 739, 7(>7; 1933, 16, 615; 1938, 21, 
501 ; Science, 1929, 69, 580; 1936, 83, 469) and 
salmon pepsin by Norris and Elc'irn {ibid. 1939, 
90, 399; J. Biol. Chcm. 1940, 134, 433). Cry- 
stallino iiopsin appears to be a type of globulin 
and contains phosphorus and chlorine. Its 
raolccuiar weight varies from 35,000 to 70,000, 
depccading on the method of estimation, c.r/., the 
ultracentrifuge gives 35,500 (Philpot and Eriks- 
Hon-Ciucnscl, Nature, 1933, 132, 932). The iso- 
ele(‘ta‘ie point is about f)il 2-7 and the optimum 
pH l*5-2'0, the pH of normal gastric juice. 

In the alimentary tTa,<‘t pepsin is the first 
enzyme concerned in th(‘ hydrolysis of proteins. 
It attacks the peptide linlvs, yielding proteoses 
and pc])tones, together with small amounts of 
amino-acids. Most proteins are susceptible to 
attack by jiepsin, but notable exceptions are 
scleroproteins, e.g., the fibroins and the keratins 
which arc, in general, not hydrolysed. 

The activity of pepsin preparations may be 
measui'cd by tlie usual methods, e.g., clotting of 
milk, formol titration, forniiition of non-pro¬ 
tein nitrogen in protein solutions, viscosity 
changes of protein solutions (.vce Northrop, J. 
(*en. Physiol. 1933, 16, 41). A more recent 
metliod, which is very suitable, makes use of the 
digestion of luemoglobin by the enzyme, with the 
estimation of the tyrosine liberated (Anson, 
J. Gen. Physiol. 1938, 22, 79). 

H. G. B. 

PERABRODIL. Diethanolamine 3:5-di- 
iodo-4-pyridone-N-acetate. “ Dlodone."' Drug 
used for intravenous pyelography. B.JkC. Supp. 
Ill (r. Synthetic Diic(is). 

8 . E. 

PERCAINE Nupekcaine Hydrociieo- 
RIDE, Vol. VITI, G27(/). 

8 . E. 

PEREZONE. PlpUzahoic acidf CJ 5 H 2 QO 3 , 
2-hydrox3^-3-mcthyl-()-{a€-dimethyl-id5-hcxenyl) 
benzoquinone, 

MeCH CO 

H,C C COH 

I II II 

HjC HC CMe 

Perezone is obtained from Radix perezisB, a purga¬ 
tive drug in native Mexican medicine derived 
from the plant Trixis pipitzahauac (Earn. Com¬ 
posite). The root when extracted with cold 
alcohol (Fichter ei al.^ Annalon, 1913, 395, 1) 
.yields 5% of perezone, deep orange leaflets from 
alcohol, m.p. l()4°c. (sublimes). It is not optically 
active in alcoholic solution but has [a]^^ —17° 
in ether. The optical rotation and the melting- 
point are depressed by sublimation, ow ing to j 
facile racemisation. Romfry (J.C.S. 1913, 103, 
i, 1076; cf. following reference) prepared anilido-' 
perezone, dark violet needles, m.p. 135°c., and 
salts of the general formula, The 

structural formula of perezone stated above, 
proposed by Kbgl and Boer (Kec. trav. chim. 
1935, 64, 779) is based on the following reactions; 
the methyl and octenyl side chains are indicated 


by oxidation of perezone with hydrogen per¬ 
oxide to acetic acid and a nonenoic acid, and 
Avero shown to bo in the para position to each 
other by distillation of perezone wdth zinc dust 
and oxidation of the product to give terephthalic 
acid. The location of the hydroxyl group is sup¬ 
ported by its failure to form an internal con¬ 
densation product. The carbon structure of the 
long side chain is revealed by the formation of 
acetone on oxidation, by its asymmetry and by 
the synthesis of the 2:6-dimothylheptanoic acid 
identical with the raoemised acid from the oxida¬ 
tion of dihydroperezone. The position of the 
double bond in tlie long side chain is indicated 
b^" the formation of acetone peroxide when tri- 
acetyllcucox)erezone is oxidised. Perezone has 
one active hydrogen atom (Zerewitinoff). 

The antiheomorrhagic activity of perezone has 
been studied by Giral (A. 1942, 111, 702) who 
found a ^tamin-J^ activity {v. V^ol. VII, 87a, 
89a) comparable with that of 2:5-dimothyl-l:4- 
benzoquinone. 

J. N. G. 

PERFUMES, SYNTHETIC. During thp 
past thrcie dec^ades an increasing use has l)ecn 
made of synthetic chemicals in perfume mix¬ 
tures. Although compounds dilfering widely in 
chemical properties can be employed to intro¬ 
duce similar odour sensations it is convenient to 
deal wdth these (!omx)ouncls as groups of chemit'al 
compounds rather than in divisions based on 
odour similarity. 

Ai.cohoes. 

n-Nonyl Alcohol has a sharp rose-likc odour. 
It is ])rcpared by reducing ethyl i)elargonate 
with sodium and alcohol (G.P. 164294,1903) or 
b 3 ’' reducing eth 3 d noiiylcnate (V. H. Harding 
and C. Weizmann, J.C.8. 1910, 97, 304). The 
alcohol has m.p. --5°, b-jn 107*5'716 mm., 
0-8279, njf 1-4382. 

n-Decyl Alcohol possesses a sAveet flower-like 
odour. It can be prepared b 3 " reducing ethyl 
caproate A\dth sodiiun and alcohol (L. Bouvoault 
and G. Blanc, G.P. 164294, 1903) or by hydro¬ 
genating meth 3 d ca])roate (W. 8chrauth et al., 
Ber. 1931, 64 [BJ, 1318). w-Decyl alcohol has b.p. 
120“/12 mm., pf 0-8297, 1-4372. 

Nero I is probably a mixture of tranS‘2:Q-di- 
methyl-J^’®-octadien-8-ol and trans-2:()-di- 
methyl-J“’®-octadion-8-ol (J. L. Simonsen and 
L. N. Owen, “ The Terpenos,” 2nd ed., Cam¬ 
bridge University Press, 1947, Vol. I, p. 54). It 
possesses a delicate rose-like odour and is in¬ 
valuable in preparing certain high-grade perfume 
mixtures. Nerol can be isolated from essential 
oils (H. von Soden and W. Treff, Ber. 1906, 39, 
906) and synthetic methods depending upon the 
following are stated to be in use: (i) when 
linalool is acetylated a proportion of geranyl 
and neryl acetates is produced (0. Zeitschcl, 
ibid. 19(16, 39, 1780; G.P. 165894-5-6, 1903); 
(ii) redu(^tion of citral by Ponndorf’s method 
(Z. angew. Chem. 1926, 89, 138; R. Sornet, 
Rev. Chim. Ind. 1930, 89, 98) leads to a mixture 
of geraniol and nerol; it has also been claimed 
that geraniol can be converted into nerol by 
heating -with a metallic alcoholate (G.P, 462895, 
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1924); (iii) gcraniol yields with halogen acids 
addition products which on treatment with 
alkali give a mixture of alcohols containing nerol 
(B.P. 127575, 1918). Nerol has b.p. 125725 
mm., pi® 0-8813. 

Citronellol is most probably a mixture of 
2 :6-dimethyl-J^-octon-8-ol and 2:6-dimethyl» 
J^-octen-8-ol (J. L. Simonsen and L. N. Owen, 
op. cit., Vol. I, p. 36). The /-form is present in 
geranium oil and the d-modification is obtained 
by reducing suitable alcohols or aldehydes. The 
d-form is much cheaper in price than the Z-form 
but is less highly esteemed by perfumers than 
the naturally occurring alcohol. Citronellol may 
ho obtained by rediKung geraniol with sodium in 
an inert solvent (G.P. 256716, 1911); by cata¬ 
lytic reduction of citral (R. Adams and B. S. 
Garvey, J. Amer. Chem. Soc. 1926, 48, 477; 
G.P. 298193, 1913); and by reducing citronellal 
(U.S.P. 1802468, 1931 ; A. Lewinaohn, Perf. and 
Essent. Oil Rec. 1923, 14, 360; B.P. 301577, 

1927; H. Rupe and R. Rinderknecht, Holv. 
Chim. Acta, 1924, 7, 541; Amor. Chem. Abstr., 
’1922, 16, 2813). A process of synthesising 3:7- 
dimethyl-Zl^-octon-6-ol has been claimed to be 
economical starting from methylheptonol (G.P. 
423544, 1924). 

3:7-Dimethyloctan-1 -ol, which has a rose- 
like odour, has been obtained as a reduction 
product of geraniol (R. Willstatter and E. W. 
Mayer, Ber. 1908, 41, 1479), citronellol (A. 
Haller and C. Martine, Compt. rend. 1905, 140, 
1303), citral (G.P. 298193, 1913) and citronellal 
(H. Rupe and R. Rinderknecht, Ilelv. Chim. 
Acta, 1924, 7, 541). It has b.p. 118715 mm., 
p4 0-849. 

Farnesol is a commonly occurring sesquiter¬ 
pene alcohol found in small proportions chiefly 
in rather valuable blossom oils. The pure 
alcohol possesses a faint floral odour. It can 
bo obtained from ambrette seed oil by saponifi¬ 
cation and isolation through the hydrogen 
phthalate (L, Ruzicka, Helv. Chim. Acta, 1923, 
6 , 497). Synthetically it is obtainable by treat¬ 
ing nerolidol with acetic anhydride (G.P. 
469555, 1923). Farnesol has b.p. 145-146712 
mm., p 0-886-0-898, 1-4877-1-4924, aD±0°. 

Nerolidol. —The d-form of nerolidol has been 
found in orange blossom oil and in Peru balsam 
oil from which it can be obtained by saponifi¬ 
cation (L. Ruzicka, Helv. Chim. Acta, 1923, 6, 
492). dZ-Nerolidol has been synthesised by con¬ 
densing geranyl chloride with acetoacetic ester 
and treating the resulting ketone with acetylene 
and sodamide to give dehydro-dZ-nerolidol which 
was reduced with sodium and ether to dU 
nerolidol (B.P. 213250, 1924; U.S.P. 1644546, 
1927). 

a-Terpineol, which occurs widely in essential 
oils (d-, Z-, and dZ-forms) has an odour of lilac. 
The synthetic product, which is optically in¬ 
active and usually contains some j3-terpineol and 
terpinen-l-ol, is of the greatest importance in 
perfumery and the literature dealing with its 
preparation is very extensive. Terpineol can 
be obtained directly from turpentine oil (a- and 
p-pmene) by treatment with suitable reagents 
(P. Barbier and V. Grignard, Compt. rend. 
1907, 146, 1425; F. Q, (J^rmuth, Amer. J, 
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Pharm. 1927, 99, 402; G.P. 223795, 1907; 
U.S.P. 2060597, 1936; 2178349, 1939). The 
usual process involves conversion of the pincno 
into terpin hydrate and removal of the elements 
of water from the latter (H. Tatu, Technique 
Modeme, 1928, 20, 264; B.P. 153606, 1919; 
S. L. Malowan, Porf. and Essent. Oil Rec. 1933, 
24, 81; U.S.P. 2088030, 1937). Processes have 
also boon devised to isolate the terpineol from 
the pine oil obtained by destructive distillation 
or by a steam solvent proc^ess, from pine wood 
(IT.8.P. 1743403, 1930 ; 1961398, 1934 ; 2052742, 
2052743, 1936). 

Benzyl Alcohol, Ph-CHg-OH, has a mild 
pleasant aromatic odour and is widely used in 
the preparation of perfumes. The alcohol can 
bo obtained by boiling benzaldehyde with soda 
lye (F. Ullmann, Enzyklopfi,die der technischen 
Chcraie, 1928, 2, 286) or treating benzyl chloride 
w’ith similar reagents (A. Lewinson, Chemical 
Products, 1939, 2, 14; G.P. 484662, 1926; 
U.S.P- 2221882, 1940). Benzyl alcohol has b.p. 
93°/10 mm., p]l 1-050, 1-6395. 

jg-Phenylethyl alcohol, Ph-CHg-CHg-OH, 
which imparts the characteristic odour to rose 
water, is a most important perfumery chemical 
and the literature dealing with its preparation is 
extensive. Of the routes available it appears to 
be most frequently prepared commercially by 
reducing ethyl phenylacetate (I. Herold, Dent. 
Parfumerie-Ztg. 1931, 17, 54; L. Bouveault and 
G. Blanc, Compt. rend. 1903, 136, 1676; C. wS. 
Leonard, J. Amer. Chem. Soc. 1925, 47, 1774; 
M. H. Ittner, Chem. and Ind. 1942, 20, 139; 
B.P. 385625, 1930). The alcohol is obtainable 
by reducing the triglyceride of phenylacetic aeid 
(G. Darzens, CompBb. rend. 1937, 205, 684). 
Grignard {ibid. 1905, 141, 44) derived the alcohol 
by decomposing Ph-CHg-CHg-O-MgBr, and 
this route was later re-investigated (e.g., F.P. 
807632, 1937; U.S.P. 2058373, 1936; Chem. 
Zentr. 1935, n, 922). Phenylethyl alcohol can 
also be produced by the Friedcl-Crafts method 
from benzene and ethylene oxide in the presence 
of suitable condensing agents (e.g., U.S.P. 
2013710,1935; 20209618,2047396,1936). For 
other methods reference should be made to 
G.P. 596523, 1932; B.P. 320424, 1928; J. von 
Braun and G. Kochendorfor, Ber. 1923, 56 [B], 
2176; U.S.P. 2185141, 1937; G.P. 504861, 
1924. Phenylethyl alcohol has b.p. 104712 mm., 
pi® 1-0242, 71^ 1-532. 

Cinnamyl Alcohol, Ph-CH-.CH-CHa OH, 

has a pleasant hyacinth-like odour. It can be 
obtained as a saponification product of storax 
(A. Lewinsohn, Perf. and Essent. Oil Rec. 1924, 
15, 118) or by reducing cinnamaldehyde (G.P. 
535954, 1924). Cinnamyl alcohol has m.p. 33®, 
b.p. 2587760 mm., 1-5819, pi» 1-02. 

A Note on Carhinols .—^Various carbinols and 
derivatives are of value in perfumery and the 
following are perhaps the more well known: 
dimethylbenzylcarbinol (V. Grignard, Compt. 
rend. 1900, 130, 1322; M. Tiffeneau and R. 
Belange, ibid. 1903, 137, 575; A. Klages, Ber. 
1904, 37, 1723; A. Reclaire, Beut. Parfiimerio- 
Ztg. 1929, 15, 285; J. Salkind, Chem. Zentr. 
1916, n, 384); dimethylphenylcarbinol (M. 
Tidsier andl Gnignard, Compt, rend. 1901, 132» 
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1184) tnch]oro])]i(^nylmcthyl(7arbinol and its 
acetate (A. Lewinaon, iiiecliHtoliinduHtrio, 1935, 
10, 121; A. A. Morton and J. R. Stevens, J. 
Amer. Chem. Soc. 1931, 53, 2244). 

Phenylethyleneglycol, 

PhCH(0H)CH20H, 

has a mild gardenia-like odour and certain 
esters are stated to he valuable in perfumery 
(W. A. Pouchor, Perfumes, Cosmetics, and Soaps, 
1941, 1, 341). 4’he proimration of the gl 3 "cr)l 
and the diacetate have been desiTibcd (Th. 
Zincke, Annakm, 1882, 216, 286; W. L. Evans 
and L. H. Morgan, J. Amor. Chem. Soc. 1913, 
35, 54; L. l^alfray, S. Sabatay, and D. Sontag, 
(.'ompt. rend. 1931, 193, 912; IbS.P. 1620398, 
1927). 

Ethees. 

p-Cresyl Methyl Ether, which is a con¬ 
stituent of ylang-ylang and wallflower oils, can 
be prepared by methylating p-cresol with methyl 
sulphate under appropriate conditions (1. 
Hcrold, Deut. Parfumcrie-Ztg. 1931, 17, 175). 
Ithasb.p. 175°, p}® 0-975. 

Diphenyl Ether, Ph-0-Ph,has a strong and 
])enctrating odour of geranium and is widely 
used in soap perfumes. The ether is obtained 
by heating bromobonzene with potassium phen- 
oxide in the presence of a copper catalyst (F. 
Ullmann and P. Sponagel, Ber. 1905, 38, 2211) 
or from chlorobenzene and dry potassium phen- 
oxide in an autoclave (G.P. 269543, 1912; cf. 
U.S.P. 1744 961, 1930) or from sodium phen- 
oxidc and sodium benzene sulphonate (tJ.S.P. 
1372434, 1921). Under appropriate conditions 
diphenyl other can be prepared from chloro¬ 
benzene and sodium hydr^ide using phenol as a 
flux (U.S.P. 200987, 1933) and from phenol itself 
by heating with an activated silicate in an auto¬ 
clave (G.P. 530736, 1929). Methods of prepara¬ 
tion have been reviewed by Murat (Parfumerio 
Moderne, 1922, 15, 51), Diphenyl ether has 
m.p. 28°, b.p. 259°. 

Ethers of jS-Napthol. —The methyl ether 
(m.p. 72°) {nerolin, yara-yara) can be obtained 
by refluxing methyl alcohol, j5-naphthol and sul¬ 
phuric acid (L. Gattermann, Annalen, 1888, 244, 
72) or by treating a solution of the sodium salt 
of the phenol with methyl sulphate (R. Sornet, 
“ La Technique Industrielle des Parfums 
Synth6tique,” Paris, 1923). The ethyl ether 
(m.p. 37-5°) {hromdia) has been prepared from 
ethyl alcohol, sulphuric acid, and jS-naphthol 
(C. Liebermann, and A. Hagen, Ber. 1882, 15, 
1428 ; W. A. Davis, J.C.S. 1900, 77, 35); by the 
interaction of j8-naphthol and acid amides con¬ 
taining the group 



(R-alkyl) (G.P. 189843, 1906; 224388, 1906) 
and from j8-naphthol, sodium hydroxide, and 
ethyl sulphate (A. R. Cade, Chem. Met. Eng. 
1923, 29, 320). The mohutyl ether of /3-naphthol 
(m.p. 37-5^") (fragarol) can be prepared from iso- 
butyl bromide and an alcoholic solution of the 
sodium salt of the phenol (F. Bodroux, Corapt. 
rend. 1898, 126, 841; A. B. Wang, J. Chinese 


f'hoiu. »Sf)c. 1033, 1, 60). The methyl and ethyl 
ethers have a noroli-iiko odour and the wobutyl 
ether a dclic^ate fruity odour. 

AJiDEUYUES. 

n-Heptaldehyde (oenanthol), CgHjg-CHO, 
can be obtained, together with undecylonic acid, 
by distilling castor oil (F. Krafft, Ber. 1877, 10, 
2034; 1880,13,1413; 1888,21,2733; U.S.P. 
1889348, 1932) and rupture of the ricinoleic; 
acid is facilitated by introduction of a stream of 
air (G.P. 167137, 1904) or by heating the oil 
in a thinly extended form (U.S.P. 1697337, 
1929). The aldehyde may also bo prepared by 
pyrogenotic decomposition of methyl ricin- 
oleate (P. S. Panyutin, Amer. Chem. Abstr. 1928, 
22, 3392 ; S. S. Nametldn and R. Y. Shagalova, 
ibid. 1942, 36, 3781). Heptaldehyde has b.j). 
152-8°, 0-8210, 1-4257, semicarhazone 

m.p. 109°, and possesses a sharp, persistent, 
fruity odour so that it is rarely used in perfume 
mixtures, but it is an extremely important 
starting material for various perfumery and 
flavouring materials such as methyl heptyne- 
carboxylate and y-w-amylbutyrolactoiie. 

n-Octaldehyde, C^Hig-CHO (detected in 
lemon and leraongrass oils), has a sharp lemon- 
odour, which at the same time resembles that of 
hoj>taldehyde, and can be used in traces in 
perfume mixtures. The aldehyde can be ob¬ 
tained by passing caprylic acid and formic acid 
over catalysts at elevated temperatures (P. 
Sa batier and A. Mailhc, Compt. rend. 1912, 154, 
563) or on similar treatment from octyl alcohol 
(R. H. Pickard and J. Kenyon, J.C.S. 1911, 99, 
50). It has been obtained synthetically by 
various routes from hex)taldehyde (L. Bouveault 
and A. Wahl, Compt. rend. 1902, IM, 1228 ; I. J. 
Rinkos, Rec. trav. chim. 1926, 45, 820). Tech¬ 
nically it is obtained from coconut oil; the oil 
is saponified and csterified with methyl alcohol 
and the methyl w-caproate obtained by fraction¬ 
ation is reduced with sodium and alcohol to n- 
octyl alcohol which is oxidised with dichromate 
to the aldehyde (A. Wagner, “ Dio Aldehyde,” 
Leipzig, 1930, III, p. 413). w-Octaldehyde 
(eapryUc aldehyde) has b.p. 237°, 1-4285, 

semicarhazorie m.p. 101°, 
n-Nonaldehyde, CgHi^-CHO,hasarose-and 
tangerine-like odour and is used in various por- 
fun»e mixtures. The aldehyde can be prepared 
by vacuum distillation of a mixture of the 
barium salts of formic and pclargonic acids (G.P, 
126736, 1900) and by decomposition of oleic acid 
ozonide (G.P. 321567, 1918; 324663, 1916; S. 
Isikawa and A. Miyata, Amer. Chem. Abstr. 
1940, 34, 981). Technically it is prepared by 
oxidation of w-nonyl alcohol by passing vapour 
of the alcohol at 3-5 mm. over a copper catalyst 
(A. Lewinsohn, Perf. and Essent. Oil Rec. 1924, 
15, 12) or by using oxidising agents such as 
chromic acid or copper oxide (A. Wagner, op, 
ciLf p. 153). The aldehyde can be prepared 
directly from n-nonoic acid by reduction, using 
manganous oxide catalyst (R. Shagalowa, Amer. 
Chem. Abstr. 1936,30,1026). The aldehyde has 
b.p. 190-192°, 0-8277, n” 1-4245, aenUearba- 

zone m.p. 100°. 
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n-Decaldehyde, CgH^g CHO, has a spicy, 
orango-like odour. It can bo prepared by the 
general methods given above and by the action 
of diethylformamide on the Grignard compound 
obtained from magnesium and w-nonyl chloride 
(L. Bouvcault, Bull. Soc. chim. 1904, [iii], 31, 
1320). Bagard {ibid. 1907, [iv], 1 , 308, 350) 
showed that the aldehyde was obtained on heat¬ 
ing a-hydroxyundecoic acid. Decaldchydc can 
bo obtained in high yield from the oil distilled 
from the green parts of the coriander plant (L. 
Ya. Bryusova, R. Yu. Shagalowa, and N. 
Novikova, Amer. Chem. Abstr. 1942, 36, 3781). 
The aldehyde has b.p. 208-209'^, 0-828, 

1-4298, semicarhazona m.p. 102°. 

n-Undecaldehyde, CioHgi-CHO, has a 
tenacious somewhat rose-like odour. It can be 
prepared by the general methods outlined above, 
although technically it is usually prepared by 
the method of Blaise and Guerin (Bull. Soc. chim. 
1903, [hi], 29, 1202). Details of the larger scale 
preparation of this aldehyde have been given by 
Lewinsohn (Perf. and Essent. Oil Rec. 1924,15, 
79), and Davies and Hodgson (J.S.C.1.1943, 62, 
128) have recently investigated the method. 
The aldehyde has b.p. 11()-117°/18 mm., pf 
0-8251, 1*4322, semicarbazone m.p. 103°. 

n-Dodecaldehyde, CuHaa'CHO (lauric 
aldehyde), has been detected in the oil of Abies 
pectimta and has a fatty pungent odour wdiieh 
in dilute solution resembles somewhat that of 
the wild violet. The aldehyde can be obtained 
by heating a mixture of the barium salts of 
formic and lauric acids (F. Krafft, Ber. 1880,13, 
1413); by passing a mixture of the vapours of 
the acids over a manganous oxide catalyst at 
elevated temperatures (S. S. Nametkin and O. M. 
Khol’mer, Amer. Chem. Abstr. 1942, 36, 3629 ); 
by reaction between calcium laurate and formal¬ 
dehyde in the presence of steam (U.S.P. 2145801, 
1939) and by treating lauric acid with hydrogen 
at elevated temperatures in the presence of a 
mild hydrogenation catalyst (U.S.P. 2105540, 
1938). Dodecaldehyde can be prepared from 
lauryl alcohol by oxidation with chromic acid 
(E. Blaise and G. Gu 6 rin, Bull. Soc. chim. 1903, 
[iii], 29, 1117, 1202 ); by catalytic oxidation 
(C. Moureu and G. Mignonac, Compt. rend. 
1920, 170, 258; 1920, 171, 652; R. R. Davies 
and H. H. Hodgson, J.C.S. 1943, 282) or by 
catalytic dehydrogenation (A. Halasz, Amer. 
Chem. Abstr. 1940, 34, 1970). The aldehyde is 
a white, waxy, solid, m.p. 43-44°, b.p. 121°/10 
mm.f semicarbazone m.p. 101*5-102*5°. 

Methyl-n-nonylacetaldehyde, 

CoHie*CHMe*CHO, 

has a persistent odour resembling that of a 
lemon-orange-ambergris mixture. The aldehyde 
is usually prepared by saponifying and distilling 
in vacuo the glycidic ester prepared by con¬ 
densing methyl nonyl ketone with ethyl mono- 
chloroacetate (G. Darzens, F.P. 337175, 1903; 
cf. E. K. Smol’yaninova, Amer. Chem. Abstr. 
1942, 86 ,. 3782). Sommelet (Bull. Soc. chim. 
1907, [iv], 1, 408) prepared the aldehyde by 
heating l-ethoxy- 2 -methylundecan- 2 -ol with 
formic acid. Methyl-w-nonylacetaldohyde has 
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b.p. ]14°/10 mm., Wj, 1-4320-1-4450, p 0*829, 
semicarbazone m.p. 85°. 

Higher Aldehydes. —Attention has boon drawn 
(Schimmers Report, 1927, p. 132 ; 1928, p. 108) 
to the regrettable use of misleading trade names, 
to describe mixtures of la(‘tonoH and esters {e.g., 
so-called aldehydtis 0^4 to 03 ^). 

Hydroxycitronellal was introduced into 
perfumery as early as 1905, although a method 
of preparation had not then been published, and 
it is still w-idely used. It can be prepared by the 
action of sulphuric acid on eitroncllal-bisulphite, 
-(yanol)vdrin, or -enolaeylate (A. Vcrley, Bull. 
Soc. chim. 1928, [iv], 43, 848; H. Schmidt, 
Schimmel’s Report, 1938, p. 124 ; L. M. Labaiino, 
Revue des Marques Parfums de hhance, 1939, 
17, 82; U.S.r. 2235840, 1941). It is claimed 
that a 30% yield of hydroxycitronellal is obtain¬ 
able by the action of 37-40% sodium hydroxide 
solution on dry citronellal-bisulphitci (S. S. 
Nametkin and O. M. Khol’mer, Amer. Chem. 
Abstr. 1942, 36, 3782). Improved yields are 
claimed (U.S.P. 2306332, 1942) by the action of 
liydrochloric acid on eitronellal-hydrosulphonic 
acid. Hydroxycitronellal has b.p. 116°/5 mm., 
8 °, 1-456, p^^ 0-931. 

Benzaldehyde is the main (jonstituent (98- 
99%) of the essential oils of bitter almonds, 
poach kernels, and apricot kernels. Synthetically 
j it has been prepared by numerous methods. 
Comjnercially, the aldehyde is derived from 
toluene, usually through the intermediate side- 
chain halogen derivatives or by direct oxidation 
(J. McLang, Chem. Trade J. li)26. 79, 191, 307 ; 
G.P. 82927, 1894; M. V. Ger, Amer. Chern. 
Abstr. 1936, 30, 3838; G.P. 101221 , 1897; 
K. Kakutani and N^^ Aamaguchi, Amer. Chem. 
Abstr. 1929, 23, 3217; A. P. Kreshkov, ibid. 
1941, 35, 1415; G.P. 347583, 1917; U.S.P. 
2199585, 1940). Other processes involve pass¬ 
ing benzoic acid or phthalic acid and carbon 
monoxide over an iron catalyst at 400° (G.P. 
539756, 1926; U.S.P. 2018350, 1935) and treat- 
ing benzene with carbon monoxide under pres¬ 
sure using an aluminium chloride catalyst 
(U.S.P. 1989700, 1933). Benzaldehyde has m.p. 
-26°, b.p. 179°/751 mm., p" 1-0604. 

p-Tolualdehyde has a powerful odour re¬ 
sembling bitter almond oil and black pepper oil. 
It can be prepared by oxidising p-xyleno (E. 
Bornemann, Ber. 1884, 17, 1467 ; H. D. Law and 

F. M. Perkin, J.C.S. 1907, 91, 262 ; G.P. 101221, 
1897); from toluene and carbon monoxide (L. 
Gattermann and J. A. Koch, Ber. 1897, 30, 1623 ; 

G. P. 281212, 1913) and from xylyl bromide on 

treatment with a solution of hcxamethyleno 
tetramine (G.P. 268786, 1913). p-Tolualdohyde 
has b.p. 9&-100°/20 ram., 1-5484, 1-072, 

semicarbazone m.p. 219-220°. 

Phenylacetaldehyde, Ph-CHj-CHO, and 
its dimcthylacetal are widely employed in per¬ 
fumery. Numerous methods of preparation 
have been utilised. The aldehyde can be ob¬ 
tained on a technical scale by oxidising phenyl- 
ethyl alcohol with chromic acid (A. Wagner, 
op. cit., 1929, II, p. 570) or by catalytic methods 
(A. R. Guseva, Amer. Chem. Abstr. 1942, 36, 
3794), When a mineral or suitable organic acid 
is added to an aqueous solution of the sodium 
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salt of phenylglyciciic acid, carbon dioxide is 
evolved and phenylacetaldehyde is obtainable 
on steam-distillation (E. Erlenmeyer and A. 
Lipj), Armalen, 1883, 219, 182; G.P. 107228, 
1898; 107229, 1898 ; W. Diec^kmann, Bor. 1910, 
43, 1030; B.P. 372013, 1931). Sabatier and 
Mailhc (Corapt. rend. 1914, 158, 985) prepared 
the aJdciiyde by passing the vapour of phonyl- 
acotic acid in the presesce of formic acid over 
a manganous oxide catalyst at 300-300° and 
methods of producing the aldehyde by catalytic 
reduction of phcnylacetic acid have also boon 
investigated (r. P. Shorygin et a/., Amor. Chem. 
Abstr. 1942, 36, 3794). Kosenmund and Zetzscho 
(Ber. 1921, 54 [B], 437) obtained an 80% yield 
of phenylacetaldehyde by hydrogenating a solu¬ 
tion of the acid chloride of phenylacetic acid in 
toluene using a x^^*l^‘i<liuiu-bariuin suljjhate 
catalyst. Orignard and Escoiirrou (Compt. 
rend. 1925, 180, 1884) by hydrogenating benzyl 
cyanide, using a platinum oxide catalyst, 
obtained phonyletlianaldiininc which was hydro¬ 
lysed with pot^assium hydroxide solution to 
ammonia and phenyhK'ctaldchyde (r/. H. 
Stephens, d.C.S. 1925, 127, 1874; 1. Herold, 
Deut. Parfiirmorie-Ztg. 1931, 17, 24G). Other 
pro('esses liave been described by l^anghcld 
(G.P. 220220, 1909) and Kodama (Amcr. Chem. 
Abstr. 1922, 16, 100). Phenylacetaldehyde has 
b.p. 88718 mm., I■.'5255, 1-0272. 

p-Methoxyphenylacetaldehyde has a pun¬ 
gent odour resembling hawthorn blossom. It 
can bo obtained by oxidising p-methoxystyrene 
with mercuric oxide and iodine (M. TilTeneau, 
Ann. (4iim. Pliys. 1907, [viiij, 10, 350; C. 
Mannich and W. Jaco])Rohn, Ber. 1910, 43, 
195) and by the oxidatioff of mothylcliavicol 
with ozone if> the presenct; of benzene and 
water {cf. C. Harries and 11. Adams, ibid. 1910, 
49, 1032). Midhx)xyphenylacetaldehyde (homo- 
anisaJdehyde) has b.j). 117-11979 mm., \ 
1-5359, pf 1-090, semicarbazone m.p. 175-170°. 

p-Methylphenylacetaldchyde has a pun- 
gcTit odour resembling that of phcnylacetalde- 
hyde. It can be jirepared by various methods 
(K. Auwers, ibid. 1900, 39, 3701 ; K. Kling, 
Chem. Zentr. 1908, i, 951; E. Spath, Ber. 1914, I 
47, 707 ; Monatsh. 1915, 36, 9), but is probably j 
most readily obtained 1)y Darzen’s method from 
p-methylbenzaldehyde (G.P. 591452, 1930). p- 
Methylphenylacetaldehydo has m.j). cu. 40°, b.p. 
96°/10 mm., semicarbazonCy m.p. 208°. 

Vani I lin (4 - hydroxy - 3 - methoxybenzalde- 
hydo), present to the extent of 1 -5-2*5% in 
vanilla pods, is widely used in perfumery, con¬ 
fectionery, and foodstulfs. Vanillin was first 
produced s3rnthotic4iIly in bulk by oxidising 
coniferyl alcohol (G.P. 576, 1877), In 1876 
Keimor (Ber. 1876, 9, 423) showed that the 
aldehyde could be prepared by heating guaiacol, 
chloroform, and aqueous sodium hydroxide.; 
Methods have been based upon the interaction 
of guaiacol with formaldehyde (G.P. 105798, 
1898; B.P. 161679, 1920; J. McLang, Chem. 
Trade J. 1926, 79, 35). Guaiacyl trichloro- 
methylcartinol gives vanillin on saponification ■ 
and oxidation (B.P. 219676, 1923). Vanillin 
can be prepared by methylation of protocate- 
chuio aldehyde with a methyl halide under suit- 1 
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able conditions (G.P. 63007, 1890) or methyl 
sulphate (G.P. 122851, 1900). The most widely 
used method of preparation is still that from oil 
of cloves, which contains 75-90% of eugenol, 
7)ia i^oeugenol. Detailed procjesses have been 
given by a number of authors including Wagner 
(op. cit.y 1930, Ill-lV, p. 940); McLang (Chem. 
Trade J. 1925, 77, 3) and Herold (Deut. Par- 
fumeric-Ztg. 1936,22, 35, 49, 67, 84). Acetyliso- 
eugenol is oxidised with a sodium dichromatc'- 
sulphuric acid mixture in the presence of sul- 
phanilic acid or p-aminobenzoic acid (Swiss J^. 
89053, 91088, 1919) to acetylvanillin, w^hich 
is converted into the bisu4)hite compound, 
the a(!etyl group remov^ed by boiling with water, 
and the liquor, treated wdth a calculated 
quantity of suljjhuric acid, heated to remove sul¬ 
phur dioxide, and the vanillin allowed to crystal¬ 
lise. Other methods depend upon the oxidation 
of alkali isoeugenoxides with nitrobenzene (B.P. 
285451, 1927; 417072, 1933; 529134, 1939; 

G. P. 578037, 1931; 580981, 1932) or oxidising 

i«oeugeiiol itself with air containing ozone 
(G.P. 97620, 1895). Processes for converting 
safrole into i^oeugenol (B.P. 285156, 285551, 
1926; P.P. 326775, 1902) do not appear to 
have proved successful commercially up to 
the present. JMethods have subsequently been 
developed for producing vanillin from lignin- 
containing materials (B.P. 319747, 1928; 

F. Lcger and H. Hibbert, J. Amer. Chem. Soc. 
1938, 60, 565; R. H. J. Creighton, J. L. 
McCarthy and H. Hibbert, ibid. 1941, 63, 312, 
3049; K. Freudenberg, W. Lautsch, and K. 
Engler, Ber. 1940, 73 [B], 167; 1. A. Pearl, 
J. Amer. Chem. Soc. 1942, 64, 1429). Vanillin 
has m.p. 81-82°, b.p. 170°/15 mm. 

Ethyl van i Min (4-hydroxy-3-ethoxybenzalde- 
hyde) has an odour three to four times as intense^ 
as that of vanillin itself. It can be prepared 
from pyrocatcchol monoethyl ether using the 
Keimer-Tiemann method (G.P. 90395, 1894); 
by ethylating protocatechuic aldehyde (G.P. 
81071, 1894) and by various processes from 
safrole or Z6’osafrolo (B.P. 285156, 1926; 285451, 
290649, 309929, 1927; 317381, 1928; G.P. 
505404, 557547, 562007-8,1925. Other mctlux Is 
involve the oxidation of 4-hydroxy-3-ethoxy- 
I3henylglycollie acid or of a-(3*ethoxy-4-hydroxy- 
phenyl)-j8iS/3-trichloroetlmnol(B.P. 445263,1933; 
453482, 1935 ; Dutch P. 41184, 1935) and of 1- 
hydroxy - 2 - ethoxy - 4 - methylbenzene (N. 1. 
Wolinkin and P. J. Loschakow, (Jhern. Zentr. 
1938, n, 1861). Ethylvanillin has m.p. 77-5°. 

Anisaldehyde (p-methoxybenzaldehydc), has 
an odour resembling that of blossoming haw¬ 
thorn and is a widely used constituent in 
perfume mixtures. It can be prepared (J. 
McLang, Chem. Trade J. 1926, 79, 190; I. 
Herold, Deut. Parfiimerie-Ztg. 1931, 17, 175; 

H. Hunger, Seifens-Ztg. 1937, 64, 476) by 
oxidising anethole with chromic acid, preferably 
in the presence of sulphanilic acid; with 
ozonised air (G.P. 97620, 1896) or by electrolytic 
oxidation (F. Fichter and A. Christen, Helv. 
Chim. Acta, 1926, 8, 333; cf. E. Briner, H. von 
Tscharner, and H. Paillard, ibid. 1925, 8 , 406). 
Alternatively the aldehyde can be prepared by 
oxidising p-cresyl methyl ether. Anisaldehyde is 
obtainable from anisole by the Gattermami 
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method (L. E. Hiiikc], E. E. Ay ling, and J. II. 
Beynon, J.C.S. 1935, 674; 1936, 184; E. L. 
Niedzielski and F. F. Nord, J. Amor. Chom. Soc. 
1941, 63, 1462; R. Adams and E. Montgomery, 
ibid. 1924, 46, 1618). The aldehyde can be pro¬ 
duced by methylating jp-hyrlroxybcrizaldehydc. 
Anisaldehyde has m.p. 0°, b.p. 248°/760 mm., 
1-674, pi* M228. 

Cinnamaldehyde, Ph-CH:CH-CHO, is the 

main constituent of cinnamon and cassia oils 
and is readily isolated therefrom by the usual 
bisulphite method. Synthetically the aldehyde 
is derived by condensing benzaldehyde with 
acetaldehyde (G. ('hazel. La Revue des lYoduits 
Chimi(]ues, 1919, 22, 177). Other methods have 
been described by Bert and Annequin (C^ompt. 
rend. 1931, 192, 1315). Cinnamaldehyde has 
m.p. -7-5", b.p. 130720 mm., wjf 1-6195, pf 
1-105. 

Dihydrocinnamaldehyde, 

Ph CHg-CHg-CHO, 

has a strong hyacinth-like odour. It can be 
prepared by reducing cinnamaldehyde dimethyl- 
acetal with sodium and alcohol (E. Fischer and 
E. Hoffa, Ber. 1898, 31, 1992) or by passing a 
solution of cinnamaldehyde in propanol over an 
aluminium catalyst at 330° (P. E. Weston and 
11. Adkins, J. Arner. Chem. Soc. 1929, 51, 2589) 
or by reducing cinnamaldehyde in alkaline solu¬ 
tion with activated aluminium amalgam (Chem. 
Zentr. 1935, n, 3011). It has b.p. 104-105713 
mm., p 20 semicarhazone m.p. 128°. 

a-n-Amylcinnamaldehyde, 

Ph-CH:C(C5Hii)CHO, 

has a jasmine-like odour. It is prepared by con¬ 
densing heptaldehydo with benzaldehyde (B. N. 
Rutowski and A. I. Korolew, J. pr. Chem. 1928, 
[ii], 119, 272; A. Rosenthal, I)eut. Parfiimerie- 
Ztg. 1931, 17, 3; M. Backes, Bull. Soc, chim. 
1942, [v], 9, 63) and has b.p. 140°/5 mm., WjJ* 
1-5552, 0-9718. Various other aldehydes 

prepared from heptaldehyde and substituted 
benzaldehydes have been found to possess little 
perfumery value (A. Weizmann, J. Amer. Chem. 
80 c. 1944, 66 , 310). 

Cyclamen Aldehyde, 

p-Pr^-CjH^-CHj-CHMe CHO, 

has a powerful blossom-odour resembling that 
of freshly out cyclamen, lily, and lily of the valley 
flowers. The discoverers of this aldehyde, 
Knorr and Weissenbom (U.S.P. 1844013, 1932) 
condensed cuminaldehyde with propionaldehyde 
to give p-i«opropyl-a-methylcinnamaldohyde, 
which was reduced with hydrogen in the presence 
of a nickel catalyst to cyclamen aldehyde (p- 
isopropyl - a - methyldihydrocinnamaldehyde). 
Poizat (U.S.P. 2242322, 1941) prepared the 
aldehyde by treating diethyl methylmalonate 
with ouminyl chloride. After saponification, the 
cuminylmethylmalonic acid was heated at 185° 
to give carbon dioxide with p-wopropyl-a- 
methyldihydrocinnamic acid, and the latter was 
converted into cyclamen aldehyde by passing a 
mixture of the vapours of this acid and formic 
acid over a manganese dioxide-pumice catalyst 
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at 360°. Cvciamen aldehyde has b.p. 116°/6 
mm., pi® 0-951. 

Heliotropin (piperonal), 



is one of the most important of synthetic per¬ 
fumery eliemi(-als. It is obtained by oxidising 
iVosafrolc with potassium diehromate and sul¬ 
phuric acid (C. Ciamician and P. 8ilbcr, Bcr. 
1890, 23, 1159) preferably in the presence of sul- 
phanilic acid (G.P. 207702, 1905) or p-aniino- 
benzoic acid or p-aminobenzaldehydo (Swiss P. 
91087, 91270, 1919). The optimum tempera¬ 
ture of reaction is claimed to be 40-48° (N. 
Hirao, Amer. Chem. Abstr., 1927, 21, 2675, 
2676). MoSafrol (’an be oxidised directly with 
ozonised air (G.P. 97620, 1895; J. Mcl.ang, 
Chem. Trade J. 1926, 79, 359). Heliotropin 
can be obtained syntheii(-ally by treating 
protocatechuic aldehyde with methylene iodide 
(R. Wegseheider. Monatsh, 1893, 14, 388) or 
methylene sulphate (W. Baker, J.C.S. 1931, 
1765). It has m.p. 35-36°, b.p. 263°. 

Ketones. 

Methyl n-Amyl Ketone, CHg-CO-CgHu, 
is sometimes included in carnation mixtures. 
The most convenient method of preparation 
appears to be that described by Johnson and 
Hager (Organic Syntheses, 1927, 7, 60) from 
ethyl w-butylacetoacetatc. The ketone has b.p. 
150°/760 mm., p 0-8366. 

Ethyl n-Amyl Ketone, CgHj-CO-CgHu, 
,occurs naturally in French lavender oil to which 
it imparts a particular freshness. The ketoiio 
can bo prepared from caprilidine-2 (A. Behai, 
Ann. Chim. Phys. 1888, [vi], 15, 275; A. 
Desgrez, ibid. 1894, [vii], 3, 239); from the ethyl 
ester of the corresponding j3-ketonic acid (L. 
Bouveault and R. Loequin, Bull. Soc. chim. 
1904, [iii], 31, 1158) or by oxidising ethyl-»- 
amylcarbinol (Chem. Zentr. 1912, i, 1717). The 
ketone hns b.]). 169-1707738 mm., p 0-8502, 
1-4156, semicarhazone, m.p. 115-116°. 

Acetophenone, Ph-CO-Me, which has been 
detected in the essential oil steam distilled from 
gum labdanum (H. Massdn, Compt. rend. 1912, 
154, 617), can be prepared synthetically by the 
general organic chemical methods. Special 
economical processes have been evolved for 
large-scale production, t.g.^ (i) oxidation of ethyl¬ 
benzene with air at elevated temperatures in the 
presence of a suitable catalyst (U.S.P. 1813606, 
1931); (ii) passing the mixed vapours of phthalic 
anhydride and acetic acid through a tube con¬ 
taining manganous oxide at 360-400° (U.S.P. 
1916741, 1931); (iii) heating a mixture of acetic 
anhydride (or acetic acid) with benzene and 
aluminium chloride and using iron, aluminium, 
or zinc as halogen carriers (U.S.P. 1999538, 
1935; G.P. 646702, 1933). Acetophenone, 
which is a soporific, has m.p. 2*6°, b.p. 202°/760 
mm., 94-95720 mm., 1-63418. 

(> - M et h OX y a cet op h e n o n e (“ (7m/«gfon ”) has 
an intense odour of hawthorn blossom and is 
especially useful in soap perfumes or in cases 




perfumes, 

when anisaldehyde may be unnuitn-ble. It can 
be obtained by the action of acetyl chloride on 
aiiisole in the presence of aluminium chloride 
(F. Straus, Annalen, 1910, 374, 139). Bougaiilt 
(Compt. rend. 1901, 132, 782) obtained the 
ketone by oxidising /)-methoxyhydratropic acid 
or the bisulphite compound of p-methoxy- 
hy dratropaldehyde. p-M ethoxyacetophenone 
has m.p, 37°, b.p. 152-154°/26 mm., semicar- 
bazone m.p. 200°. 

p-/soPropylacetophenone has an odour re¬ 
sembling orris. It can bo prepared by the 
Friedcl-Crafts method from acetyl chloride and 
cumene, and has b.p. 252-254°/75() mm., 
0-9765 (0. Widman, Ber. 1888, 21, 2225). 

Benzylacetone, Ph-CHg-CHg-CO-Me, has 
a jasmin-like odour. The ketone has been pre¬ 
pared (i) by saponifying ^-benzylacetopyruvic 
ester (A. Kdtz and E. Lemien, J. pr. Ohem. 1914, 
fiij, 90, 389); (ii) by reducing benzylidencacetone 
with sodium amalgam (C. Harries and G. 
Eschenbach, Boj-. 1806, 29, 383); or (iii) by 
heating ctiiyl benzylacetate with water in a j 
scaled tube (II. Meerwein, Annalen, 1913, 898, i 
249). Benzylacetone has b.p. 1]5°/13 mm., 
0-9849, 1*511, semimrhazone m.p. 142°. 

Benzylideneacetone, Ph-CHiCH-CO-CHg, 
has a tenacious odour resembling that of sweet j 
pea. The compound is most easily produced by 
condensing acetone with bcnzaldehyde in the 
])resence of sodium hydroxide solution (N. L. 
Drake and P. Allen, Jr., Organic Syntheses, 
1941, Coll. Vol. 1, 77; A. Lewinsohn, Perf. 
and Essent. Oil Roc. 1924, 15, 118). Benzyli- 
dcneacetone can cause severe skin irritation; it 
has m.p. 42°, b.p. 151 -153°/25 mm., p^ 1*0213, 
semimrhazone m.p. 185°. 

Benzoylacetone, Ph-CO CHg-CO Me, which 
has a fragrant balsamic odour, is widely used in 
perfume mixtures. The ketone can bo obtained: 

(i) by hydrolysis of ethyl benzoylacetoacetate 
(E. Fischer and H. Jvuzel, Bor. 1883, 16, 2239), 

(ii) by condensing acetophenone and ethyl 
acetate in the presence of sodium cthoxide (C. 
Beyer and L. Claisen, Ber. 1887, 20, 2180), or 

(iii) from ethyl benzoate and acetone using 
Bodamide as condensing agent (L. Claisen, ibid. 
1905, 38, 695). Benzoylacetone has m.p. 61°. 

The lonones {v. Vol. Vltl, 24c, d; 25a, c).— 
lonone is available commercially as a-ionone (a- 
cycZocitrylideneacetone), jS-ionone {p-cyclocitry- 
lideneacetone) and iononc 100®() (a mixture of 
the a- and jS-forms). These products are widely 
used in perfumery because of their odour of 
violets. In attempts to synthesise irone, to 
which the incorrect empirical formula CigHg^O 
had been assigned, Tiemann and Kruger (ibid. 
1893, 26, 2675, 2692) obtained ^-ionone by con¬ 
densing citral and acetone in the presence of 
barium hydroxide. This acyclic ketone was 
converted into a mixture of the isomeric ketones, 
a- and ^-ionone, by heating with dilute acid 
and glycerol (F. Tiemann and P. Krilger, ibid. 
1898, 81, 808, 867; G.P. 73089, 75120, 1893). 
Owing to the great importance of these ketones 
in perfumery, extensive investigation followed 
their discovery and can be grouped under several 
headings: (i) manufacture of ^-ionone (see, e.g., 
G.P. 127661, 1900; 147839, 1901; W. Stiehl, 


.SYNTHETIC. 287 

J. ]>r. ('lu-m. 1898, fii], 58, 79, 84, 89; O. Dc.c'b- 
ner, Bor. 1898, 31, 1888 ; H. llibbert and L. T. 
Cannon, J. Amer. Chom. Soc. 1924, 46, 123), 
(ii) eyeb'sation of 0-ionone and control of the 
jiroportion of a- and )3*isomeride in the product 
(aee, e.g., F. Tiemann, Ber. 1898, 31, 868; G.P. 
129027, 1900; 133563, 138100, 157647, 1901; 
164306, 172653, 1904), (iii) separation of a- and 
i3-ionono (see, e.g., G.P. 106512, 1898; F. Tie¬ 
mann, Ber. 1898, 31, 874, 1737). Lewinson 
(Porf. and EsHcnt. Oil Rec. 1923, 14, 259) has 
described a modem technical method of pre¬ 
paring the ionones from lemongrass oil. The 
preparation of a- and j9-ionone from a- and )S- 
cycZocitrals has also been the subject of extensive 
investigation (F. Tiemann, Ber. 1900, 33, 3719; 
G.P. 75062, 1893; 123747, 1900; 133758, 

139957, 1901; 138141, 1902). Commercial 

ionone (100%) has the following constants 
(approximate) 0*935-0-940, Wj® 1*6035~- 

1*5070, ax)±0° ; a-ionono, b.p. 124-128°/12 mm. 
n"® 1*4990, p^^ 0-934, 8e7nicarbazone m.p. 148- 
149°; ^-ionone, b.p. 134-135°/12 mm., p^^ 0-949, 

1-5198, semicarhazone m.p. 148—149°. 

Methylionones have a characteristic violet 
odour and are widely used in perfumery. The 
commercial mixtures of methylionones are pre¬ 
pared from citral and methyl ethyl ketone using 
processes similar to those employed for pre- 
I3aring the ionones (G.P. 75120, 1893; 127424, 
1901; 133758, 1901; G. W. Pope and M. T. 
Bogert, J. Org. Chem. 1937, 2, 276). The four 
isomeric methyl ketones, a-'W-methylionone, 
methylionone, a-i^omethylionone and p-iso- 
methyhonone can be prepared by fractional 
crystallisation of their somicarbazones (11. 
Koster, J. pr. Chem. 1935, [ii], 143, 249; Deut. 
Parfiimerie-Ztg. 1935, 21, 259). 

Methyl j8-Naphthyl Ketone has afineneroli- 
like odour and is widely used; it can be obtained, 
together with the a-isomer, by the action of 
acetyl chloride on naphthalene in the presence 
of aluminium chloride using chlorobenzene as 
solvent (L. E. Chopin, Bull. Soc. ohim. 1924, 
[iv], 35, 610) and a higher proportion of the jS- 
ketone is obtainable by using nitrobenzene as 
solvent (cf. A. St. Pfau and A. Ofner, Holv. 
Chim. Acta, 1926, 9, 669; S. M. Rivkin, Amer. 
Chem. Abstr. 1935, 29, 6102). Methyl/S-naphthyl 
ketone has m.p. 54°, b.p. 172°/11 mm., semi- 
carbazone m.p. 235-237°. 

Uasmone is the ketone present in jasmine 
blossom oil which imparts the characteristic 
jasmine odour. In 1933 it was shown indepen¬ 
dently by Treff and Wemor (Ber. 1933, 66 [B], 
1521), and by Ruzicka and Pfeiffer (Helv. Chim. 
Acta, 1933, 16, 1208) that this ketone possessed 
the structure 

C-Me 

^-CH.-CHiCH-CHg-Me 

I I 

HgC-CO 

and it was prepared synthetically in 1935 (W. 
Treff and H. Werner, ibid. 1935, 68 [B], 640; 
cf. H. Hunsdieoker, ibid. 1942, 75 [B], 460). 
Numerous ketones were synthesised in attempts 
to simulate the jasmone-like odour in more 
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easily synthesised structures and a number of 
these compounds are stated to have been made 
available under various trade names, usually in 
admixture with other bodies (see, H. 

Werner, Fette u. Seifen, 1038, 45, 623; V. 
Isagulyantz, Rioc-hstoflfindustrie, 1936, 11, 84; 
B.P. 451462, 1935; G.P. 639455, 667156, 1935; 
693863,1936; R. L. Frank et a/,, J. Amor. Chem. 
Soc. 1944, 66 , 4). 

Esters. 

Certain valerates and /sovalerates have been 
used for a long time in tobacco perfumery and 
in fruit essences, and the constants, odours, and 
properties of a number of these esters ha\'e been 
described by Muller (Riechstofllndustrie, 1931, 
6, 4). The esters of furoic acid (for ])reparation 
of the acid, see Organic Syntheses, Coll. Vol. I, 
p. 276) appears to have properties which render 
them potentially of value to the ptirfumery trade 
(W. A. Poucher, “ Perfumes, Cosmcti(;s, and 
Soaps,” Chapman and Hall, Vol. 1, 5th ed., i 
1941). Bertram (G.P. 80711, 1893) has described 
a general method of preparing esters of terpen ic 
alcohols which involves treating the alcohols 
or essential oils containing these compounds 
with the appropriate acid at low temperatures 
in the presence of a little mineral acid. Various 
other methods are available and are referred to 
below in the methods described for jweparing 
esters of special types. The preparation and 
properties of a number of esters derived from n- 
decyl alcohol have been described (G, Komppa 
and Y. Talvitio, J. pr. Chem. 1932, [ii], 135, 200). 
Esters of cinnamic acid are of interest in per¬ 
fumery (K. Braun, Ueut. Parfumerie-Ztg. 1930, 
16, 6) and suitable methods for preparing thest) 
esters have been published; e.g., methjl ester 
(C. N. Riibor, *Ber. 1915, 48, 827), ethyl (E. 
Fischer and A. Speier, ibid, 1895, 28, 3254; 
A. Bogojawlensky and J. Narbutt, ibid. 1905, 
38, 3349; Organic Syntheses, 1929, 9, 38), iso- 
butyl (J. J. Sudborough and K. J. Thompson, 
J.C.S. 1903, 83, 676), and benzyl esters (G.P. 
127649, 1900). A number of esters derived 
from cinnamyl alcohol have valuable per¬ 
fumery properties (Deut. Parfumerie-Ztg. 1930, 
16, 6). Esters obtained from benzyl alcohol 
are of the greatest importance in perfumery. 
The formate can be obtained by the reaction 
between the mixed anhydrides of formic and 
acetic acids and benzyl alcohol (G.P. 115334, 
1899) or by passing a mixture of benzyl alcohol 
and formic acid over titanium dioxide at 150° 
(P. Sabatier and A. Mailhc, Conipt. rend. 1911, 
152, 1045). Benzyl acetatCf which has a char¬ 
acteristic jasmine-like odour, is one of the most 
widely used synthetics. According to Herold 
(Deut. Parfumerie-Ztg. 1931, 17 , 362), it is 
derived commercially by heating together benzyl 
chloride, sodium acetate, and acetic acid (G.P. 
41507, 1887) or heating the chloride with acetic 
anhydride in the presence of a metallic catalyst 
(Swiss P. 169040, 1933) or by acetylating benzyl 
alcohol. The ester derived by the latter method 
is generally considered to possess advantages for 
use in fine perfume mixtures. Benzyl propionate 
(M. Conrad and W. R. Hodgkinson, Annalen, 
1878, 193 , 311) is sometimes used with benzyl 
acetate in artificial jasmine oils. Benzyl iso- 
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valerate (G.P. 165897, 1904) and benzyl salicylate 
(E. H. Volwiler and E. B. Vlict, J. Amer. Chem. 
JSoc. 1921, 43, 1673) are also found useful in 
perfumery, and benzyl benzoate (G.P. 268621, 
1912; L. Claisen, Ber. 1887, 20, 649; Organic 
8ynthcso.s, 1922, 2, 5) is widely used because of 
its bland odour and good solvent proi)crties for 
solids such as the artificial musks. The cha¬ 
racteristics and odour values of v^arioiis esters of 
propionic acid have been described by Muller 
(Deut. Parfiimorie-Ztg. 1931, 17, 30) and t)f 
c.stcrs of butyric and /sobutyric acid by 
Kjelsberg and Miillcr {ibid. 1928, 14, 235). 
Ethyl pyruvate (L. Simon, Bull. Soc. oliim. 
1895, [iii], 13, 476) is used in traces in certain 
fancy perfumes. Esters of “ amyl alcohol ” 
are prepare*! by tlie usual methods and some of 
the e.slers are used in perfumery. Commercial 
amyl alcc»hol is a constituent of fusel oil pio- 
duced by fermentation processes and is usually 
a mixture of a^oamyl and active amyl alcohol in 
varying amounts depending upon the source 
(potatoes, molasses, etc,.). Fusel oil is used in 
the manufacture of commercial esters, and used 
as thus the lunyl esters are usually mixtures of 
isomeric forms. Methyl salicylate (oil of 
wintergreon) is used mainly in tlavouring tooth 
* pastes and mouth washes and synthetically it 
can ho obtained by rehuxing a mixture of 
salicyln- acid, methyl alcoliol, and a (catalyst 
such as sulphuric acid (U.S.P. 1814853, 1931 ; 

J 905144, 1033). 

LInalyl Acetate has an odouralmost identical 
with that of terperu'lcss lx.irgamot oil and is 
widely employo<l in pt^rfiimo conijuisitions. Both 
natural and synthetic; linalool (and thertdbre 
presumably the acc'tate also) (!onsists of an in¬ 
separable mixture of 2:6-dimct}iyl-Zl'‘^-"-o(‘tadion- 
6-ol and 2:0-dimethyl-J^’^-octadien-6-ol (J. L. 
Simonson and L. JM. Owen, ” The Terpenes,” 
2nd ed., Cambridge, 1947, i, 62). Esterification 
of this tertiary alcohol is especially difficult 
because on treatment with a(;etic anhydride the 
ac€;tylation is accompanicid by isomerisation and 
cyclisatiori, so that a mixture of the esters of 
linalool, goraniol, ncrol, and terpineol is pro¬ 
duced, and in addition terpenes are formed by 
loss of the elements of water (V. Isagulyantz 
and E. Smolyaninova, Riochstoffindustrie, 1933, 
8, 194). The pure ester can bo prepared by the 
action of acetic anhydride on the sodium salt of 
linalool (F. Tiemann, Ber. 1898, 31, 839). It is 
claimed that satisfactory yields arc obtained by 
acetylating in the presence of an inert diluent 
such as xylene (R. Knoll and A. Wagner, 
“ Synthctische und Isolierte Riechstoffe,” Halle, 
a.S., 1928, p. 211). Fornot (Seifens.-Ztg. 1936, 
63, 707, 739) found that by refluxing a mixture 
of linalool, acetic anhydride, and sodium acetate 
for varying periods the ester content (as linalyl 
acetate) rose to 68% after 60 minutes and then 
slowly decreased. In another process acetyla¬ 
tion is carried out below 40° using as catalyst a 
small proportion of an acetic acid-phosphoriq 
acid mixture (V. Isagulyantz and E. Smolyani¬ 
nova, Rieohstoffiindustrie, 1933,8,194). Houben 
(G.P. 162863, 1903) prepared linalyl acetate by 
the action of acetic anhydride upon the Grignard 
compound derived from methylmagnesium 
chloride and linalool. 
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Terpinyl Acetate is another widely used 
ester. Bertram (G.I\ (>725;), 1892) observed 
that treatment of turpentine oil (pinene) with 
acetic anhydride in the presence of sulphuric 
acid gave a prcMluct from whic^h terpinyl acetate 
could be separated by fractionation. A mixture 
of bornyl and terpinyl acetates is obtainable by 
treating a-pinene with a suspension of Japanese 
clay in acetic acid (T. Kuwata, Amer. Chem. 
Abstr. 1937, 31, 3899) and a 35-40% yield of 
terpinyl acetate lias been claimed (T. Kuwata, 
ibid. 1939, 33, 8593) to bo obtainable from 
limonono and acetic acid using Japanese clay 
as condensing agent, Paillard and Tempia 
(llelv. Chim. Acta, 1931, 14, 1314) obtained 
satisfactory yields of the acetate by acetylating 
ter])ineol using xylene or French turpentine oil 
as diluent. Houben (Bor. 1906, 39, 1742) pre¬ 
pared terpinyl acetate by treating the reaction 
product obtained from terpineol and benzyl- 
magnesium chloride with acetic anhydride, 'fhe 
ester is difficult to saponify and for quantitive 
saponification prolonged boiling with alcoholic 
potassium hydroxide is necessary (E. Gilde- 
meister, Dio Atherischen Ole, 1931, i, 647) ortho 
use of a solution of potassium hydroxide in 
ethylene glycol mono-ethyl ether (H. M. Perry 
and T. F. West, Analyst, 1942, 67, 159). The 
preparation of other linalyl and terpinyl esters 
has been described by Bertram (G.P. 80711, 
1893) and Houben (G.P. 162863, 1903; Ber. 
1906, 39, 1746; ibid. 1931, 64 |B], 246). Com¬ 
mercial synthetic bornyl acetate usually con¬ 
sists of a mixture of the acetates of b<jrncol and 
nvoborncol and can be derived directly from 
pinene (B.P. 306385, 1928). 

Methyl Heptynecarboxylate, 

CH3 LCH2]4 C:C COaMe, 

frc((uently incorrectly termed “ methyl heptine 
carbonate,” has a violct-likc odour and is used 
in various perfume compositions. An excclUmt 
review of the preparation of such acetylenic 
esters has been provided by Valli-Donan (Amer. 
Perfumer, 1923, 18, 133), e.g., n-hcptaldehyde 
is converted by treatment with phosphorous 
pentachloridc into l:l-dichlorolieptane, which 
gives heptyne with potassium hydroxide. The 
sodium compound of heptyne, 

CH3[CH2hCiCNa, 

can be converted directly into methyl hoptyno- 
carboxylate (i) by reaction with methyl chloro¬ 
form ate, or (ii) by treatment in ethereal sus¬ 
pension with carbon dioxide to give the corre¬ 
sponding acetylenic acid, which is then estorified. 

Methyl Benzoate (Niobo oil) (L. Carius, 
Annalen, 1859, 110, 210; C. Graebo, ibid. 1905, 
340, 245 ; R. Meyer and 0. Spengler, Ber. 1905, 
38, 1332; G.P. 506437, 1929; 563969, 1930; 
590052, 1931) and ethyl benzoate (E. Fischer 
and A. Speior, Ber. 1895, 28, 3253; P. Sabatier 
and A. Mailho, Compt. rend. 1911, 152, 360) are 
both used in certain types of perfume com¬ 
positions. 

Methyl Anthranilate has been detected in a 
number of essential oils and the synthetic ester 
is widely utilised in preparing perfume mixtures. 
It can be prepared by treating aiithranilic acid 
VoL. IX.-~19 


with methyl alcohol in the jii oscnce of li^^drogen 
chloride (G,P. 110386, 1898; 113942*, 1899), 

sulphuric acid (H. Meyer, Monatsh, 1904, 25, 
1201), or boron trifluoride (F. J. Sowa and J. A. 
Nieuwland, J. Amer. Chem. 8oc. 1936, 58, 271) 
and by reduidng methyl o-nitrobenzoate with 
stannous chloride and hydrochloric atiid (G.P. 
120120, 1898). Methyl anthanilate has m.p. 
23-5“, b.p. 127711 mm., p26 ethyl 

anthranilate has a definite orange-blossom 
odour similar to that of the methyl ester but 
with a rather finer and sweeter quality. It can 
be prepared from aiithranilic acid (E. Bamberger 
and A. v. Goldberger, Annalen, 1899, 305, 362) 
and from phthalimido (G.P. 139218, 1902). 
Ethyl anthranilate has m.p. 13°, b.p. 137- 
138“/14 mm., 1-5649, pf 1-1174. 

Methyl N-Methylanthranilate was first 
detected (1900) in tangerine oils and has since 
been found in a number of essential oils. The 
synthetic ester, m.p. 18-5°, b.p. 130-13P713 mm., 
1 -120, has been used widely in preparing 
artificial tangerine and ncroli oils and in per- 
1 fumery compositions. N-Methylanthranilic 
j acid,can be prepared from anthranilic acid and 
dimethyl sulphate in sodium hydroxide (R. Will- 
statter and W. Kahn, Ber. 1904, 37, 401) or 
acetic acid solution (J. Houben and W. Brassert, 
ibid. 1906, 39, 3233); it can be estorified by the 
usual methods (G.P. 122568, 1900). 

During more recent years other more complex 
esters derived from tcrpcnic alcohols have been 
advertised but tlie published literature is scanty. 
For possible methods of preparation, see U.8.P. 
2170185, 1935 ; J. Bredt and H. Hof, Ber. 1900, 
33, 21 ; A. Ferley, Bull. Soc. chim. 1927, [iv], 
41, 788. 

Nitrogen-oontainimg Bodies. 

Artificial Musks {see Vol. VHI, 2535).— 
Baur (Ber. 1891, 24, 2832; G.P. 47599, 1888; 
62362, 1891) found that various nitro-dcrivatives 
of benzene homologues possessed the odour of 
musk and this work was extended bv others 
(G.P. 72998, 77299, 1893). 2:4:6-Trinitro-l:3- 
diraethyl-5-^erf-butylbonzeno (xylene musk) is 
still used in perfumery and can be prepared by 
nitrating m4ert.-huiyl-m-xy\eno (F. Ullmann, 
Enzyklopiidie, 1931, 8, 846). When m-tert.- 
butyl-wi-xyloiie is brought into reaction with 
acetyl chloride in the presence of aluminium 
chloride, the product (l:3-dimethyl-5-/cr^-butyl- 

4- acetylbeuzene) on nitration gives l:3-dimethyl- 

5- fer<.-butyl-2:6-dinitro-4-acotylbenzeno which 
is used in perfumery' under the name musk 

I ketone (G.P. 87130, 1894; A. Bauer, Ber. 1898, 
31, 1344; 1900, 33, 2562). Mask anibrette (1- 
methyl - 2:6 - dinitro - 3 - mothoxy - 4 - -butyl- 
benzene) can be prepared by condensing w- 
cresyl methyl ether with (er^-butyl chloride and 
nitrating the product (G.P. 62362, 1891; U.S.P. 
2007234, 2007241, 1934). Rarer varieties of 
artifieial musks have been reviewed by Noclting 
(Perf. and Essent. Oil Rec. 1922, 13, 76 j c/. 
B.P. 470550, 1936). 

Indole is used to a limited extent in per¬ 
fumery. Shorygin and Polyakova (Amer. Chem. 
Abstr. 1942, 86, 3802) investigated various 
methods of preparation and considered that 
Reissert’s method (Ber. 1897, 30, 1045) was most 
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suitable. It is obtainable from indoxyl melt 
(F. N. Stepanov and K. S. Polyakova, Amer. 
Chem. Abstr. 1942, 36, 3802); from o-formo- 
toluidide and potassium frr^.-butoxide (F. T. 
Tyson, Organic Syntheses, 1943, 23, 42) and 
by a series of reactions from difihloroethyl ether 
and aniline (A. Trefflcr, B. II, 1945,129). Indole 
has m.p. 62-53° (v. Vol. VI, 450). 

Skatole has been detected in civet and is 
utilised to some extent in perfumery. It ran be 
prepared from coal tar (G.P. 515543, 1928) or 
synthetically by cyclisation of propionaldchyde 
phenylhydrazono (A. E. Arbusow and W. M. 
Tichwinsky, Ber. 1910, 43, 2301 ; G.P. 238138, 
1911) or by degradation of 2-carboxyindolo-3- 
acetic acid (F. E. King and P. L’Ecuyer, »1.C.S. 
1934, 1902). Skatole has m.p. 95° (v. Vol. VI, 
463b). Other )9-8ubstituted derivatives of indole 
possess odours of potential value in perfumery 
(T. F. West, H. J. Strausz, and D. H. R. Barton, 
“ Synthetic Perfumes,” Edward Arnold & Co., 
Ltd., 1948. 

Quinoline Derivatives.—In perfumery, 6- 
methylquinoline and its icimAydro-dorivative and 
7- and ^-methylquinolines find a limited use. 
They can be prepared conveniently froift the 
appropriate toluidine using modifications of the 
Skraiip reaction (e.y., J. G. F. Druce, Chem. 
News, 1919, 119, 271; E. W. Cohn, J. Amer. 
Chem. Soc. 1930, 52, 3685; B.P. 549502, 1941). 
Tetrahydro-G-methylquinoHne (Civettal) can be 
prepared by reducing 6-methylquinoline with 
tin and hydrochloric acid (E. Bamberger and 
P. Wulz, Ber. 1891, 24, 2067) or with hydrogen 
using a nickel catalyst (G. Darzens, Comi^t. 
rend. 1909, 149, 1001). 

Lactones. 

Coumarin {v. Vol. Ill, 412a).—This lactone, 
which possesses an odour recalling new mown 
hay, is used vddely in both perfume and flavour 
mixtures. It can be prepared from salicyl- 
aldehyde by the Perkin reaction (e.y., W. H. 
Perkin, J.CtS. 1868, 21, 53; A. Ileyehler, 
Bull. Soc. chim. 1897, [iii], 17, 516; H. Yana- 
gisawa and H. Kondo, J.C.S. 1921, 120, 682; 
B.P. 438361, 1933; U.S.P. 2204008, 1940; 
Amer. Chem. Abstr. 1939, 33, 1696); or from 
coumarin carboxylic acid (G.P. 161171, 1903; 
189252, 1905; 440341, 1924; P. May, Perf. and 
Essent. Oil Rec. 1925, 16, 45). More recently 
it has been claimed (A. A. Shmuk, Amer. Chem. 
Abstr. 1940, 84, 5070) that coumarin can be 
produced economically from fumaric acid and 
phenol (cf. e.g., G. Bailey and F. Boettner, Ind. 
Eng. Chem. 1921, 13, 905). Other methods have 
been described (e.y., H. Meyer et al., Monatsh. 
1913, 34, 1665; G.P. 223684, 1909; 276667, 
1912; U.S.P. 1920494, 1933; 2062364, 1936). 
Coumarin has m.p. 70°, b.p. 291°. 

6-Methylcoumarin is used with coumarin 
in a variety of types of perfume compositions. 
It can be prepared by the Perkin method from 
p-methylsalicylaldehyde (F. Tiemann and C. 
Schotten, Ber. 1878, 11, 771; K. S. Chang and 
P. P. T. Sah, J. Chinese Chem. Soc. 1936, 4, 
84) and by heating fumaric or maleic acid with 
p-cresol in the presence of suitable catalysts 
(G.P. 338737, 1919; 362751, 1921; T. J. 
Thompson and R. H. Edee, J. Amor. Chem. Soc. 


SYNTHETIC. 

I 1925, 47, 2558). 6-Methylcoumarin has m.p. 
7.5° (76-77°), b.p. 190-200°/!9 mm. 

Misoetj^aneous. 

Diphenylmethane, PhCHg-Ph, has a 
pleasant gcra7iium-liko odour and is of consider¬ 
able importaTice in perfumery, it is also a dye¬ 
stuff intermediate and numert>us methods of 
preparation have been proposed of which the 
[ following are typical: (i) condensing benzyl 

chloride with benz(me in the presence of suitable 
condensing agents ((.t l''riefiel and M. Balsohn, 

I Bull. Soc. chim. 1880, (ii], 33, 337; C. Radzie- 
wanow'.sky, Bor. 1895, 28, 113(); H. Broderock 
et al., ibid. 1939, 72 [B], 1421; G.P. 281802, 
1913); (ii) redm ing, under suitable conditions, 
diphenvlcarbinol (A. E. Tsoliits('hibabin, Ber. 
1911, 44, 442) or benzophonone (A. Klages and 
P. Allendorff, ibid. 1898, 31, 999); (iii) heating 
a mixture of tribenzyl borate, benzene, and 
aluminium cliluride (A. Kaidrinarin, G.P. 555403, 
1930). Dipheuylinetljane has m.p. 26-27°, b.p. 
120710 mm., n]' l-{;788. 

)3-Bromostyrene, Ph-CHiCHBr, has a 
strong, sharj), hyacinth-liiu- odour. Technically 
it is prepared by treating ciruianiic acid with 
bromine to give aj6-dibvomophenylpropionic 
acid which is con v<*itoil into /3-bromostyrene by 
steam distilhdioii in the presence' of a solution 
of sodium carbonate' (I. Hei'old, l>eut. Par- 
fiimerie-Ztg. 1931. 17, 24(); Dufraisso, Ann. 
Chim. 1922, (ix], 17, 198; A. Lewinsohn, Perf. 
and E.ssent. Oil Roe'. 1924, 15, 118; G. Chazel, 
La Revue de's Produits Chiiuiejues, 1919, 22, 
178). jS-Broniostyrone has m.p. 7°, b.p. 108°/2 
mm., l*42(i9, ^ L6()94. 

isoEugenoi and Derivatives. —isoKugenol 
is used extensively in carnatiem anel oriental-type 
perfumes and is an intermediate in the manu¬ 
facture of vanillin. It can be prepared by fusing 
eugenol with potassium hydroxide at 200-230° 
(G.P. 76982, 1892) or by heating potassium 
I eugenoxide in a vacuum or in a stream of in¬ 
different gas at 190-220° (G.P. 179948, 1905). 
Other processes include heating i)otassium 
eugenoxide in concentrated aqueous potassium 
hydroxide (L. M. Labaime, Rev. Marques Par- 
fums do France, 1939, 17, 10), using amyl 
alcohol as solvent (G.P. 57808, 1890) or adding 
diluents for the melt such as azobenzene (B.P. 
417072, 1933) or a glycol and triethanolamine 
(T. F. West, J.S.C.I. 1940, 59, 275). isoEugenoi 
exists in two forms (F. Boedecker and H. Volk, 
Ber. 1931, 64 [B], 61), the cis-form having 
1-0851, 1-5726, and the trans-, m.p. 33°. pf 

1-0852, nJJ* 1-5782. The methyl ether is some- 
I times used in perfumery and can be prepared by 
treating potassium iaoeugenoxide with methyl 
iodide (G. Ciamician and P. Silber, ibid. 1890, 
23, 1164) or methyl sulphate (C. Mannich and 
W. Jacobsohn, Arch. Pharm. 1910, 248, 161). 
The benzyl ether is obtained with benzyl chloride 
(G.P. 66937, 1891; F. d. Pond and F. T. Beers, 
J. Amer. Chem. Soc. 1897,19, 828; T. F. West, 
J.C.S. 1945, 490). 

Large Ring Compounds .—CiveUme {v.Yol. 
ni, 1946; VII, 143a) is the valuable large ring 
ketone (L. Kuzicka et al., Helv. Chim. Acta, 
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192G, 9, 230; 1942, 25, G04) present in civet; a 
stereoisomer has been synthesised by Huns- 
diecker (Ber. 1943, 76 [B], 142). It is claimed 
(U.S.P. 1720748, 1927) that the yield of ketone 
from natural civet can be increased by oxidising 
the corresponding secondary alcohol, which is 
also present, to civotono. \’Mu8cone (3-methyl- 
cycZopentadocanone) is the odorous principle of 
natural musk. The dbform of the ketone has 
been synthesised by Ziegler and Weber (Annalen, 
1933, 504, 94; 1934, 512, 164) by cyclisation 
of l:14-dicyano-2-methyltetradocano to give 
a cyclic Cyanokctimido mixture which on 
hydrolysis gave 3-methylc«/cZopentadecanone. 
Ruzicka and Stoll (Helv. Chim. Acta, 1934, 17, 
1308) prepared the ketone by hydrogenating 
muscenone. Hunsdiecker (Ber. 1942, 75 [B], 
1190, 1197) prepared methyl muscone-a-car- 
box ylate which was converted into d/-muscone 
on treatment with 80% sulphuric acid. Ruzicka 
and co-workers (Helv. Chim. Acta, 1926, 9, 249, 
260; Swiss P. 119619, 119620, 119622, 120150, 
1925; B.P. 235340, 1925) found that cydo- 
pentadecanone (used in perfumery under the 
name “ emltone ”) displayed the strongest musk 
odour of a series of large ring ketones which they 
synthesised. The preparation of exaltone has 
been studied in detail by Ziegler and co-workers 
(Annalen, 1933, 504, 122; B.P. 415259, 1933; 
438291, 1934). Kerschbaum (Ber. 1927, 60 fB], 
902) found that pcntadecanolide possessed a 
characteristic musk odour, and synthesised the 
compound (G.P. 449217, 1926). Ruzicka and 
Stoll devised alternative methods of preparation 
(Helv. Chim. Acta, 1928, 11, 1159; B.P. 
294602, 1928) and called the lactone “ exalto- 
lide.” Kerschbaum showed that the musk odour 
of musk seed oil was due to tlie presence of the 
lactone, ambrettolide, 

CH2[CH2VCH:CH[CH2VC0 

I-o-1 

and described a synthetic method of preparation 
(G.P. 449217, 1926). 

’ Compounds with Ambergris-odour.— 
Various compounds have been described as 
possessing the odour of ambergris, e.g.^ d^ca- 
hydro - )8 - naphthaldehyde ; 5:Q:l:S-tetrahydro-l- 
naphihylacetaLdehyde ; ethyl 2:4 - diiaopropyl - 
phenylglycidate (B.P. 372013, 1931); and the 
nitration products of dibromobviyl-m-cresyl 
rnethyl ether (Swiss P. 101398, 1921). 

Compounds with Russian Leather 
Odour. —The following compounds are stated 
to possess the odour of Russian Leather: p-tert.- 
butylphsnol (A. Liebmann, Ber. 1881, 14, 1842 
G. Sandulescu and S. Sabatay, Riechatoffin- 
dustrie, 1935, 10, 84 ; U.S.P. 1740854, 1927) and 
homologues of ra-xylenol containing the tert- 
butyl or isopropyl group in the ortho position to 
the hydroxyl group (P.P. 783538, 1934; F.P. 
775875, 1933). 

T. F. W. 

PER I DOT . The transparent green variety 
of olivine (v. this Vol., p. 93a), sometimes used 
as a gemstone. 

D. W. 

PERILLA OIL (v. Vol. IV, 846; this Vol., 
p. 26c). 


PERILLALDEHYDE, 

C CHO 

HoC CH 

I I 

HgC CHg 

^C"hbCMe:CH2 

b.p. 104-105710 mm., 0-9617, 1-5074, 

Wd +135-6", —146°, semicarhazone^ m.p. 199- 
200°, phenylhydrazonef m.p. 107-5°, oxivic, m.p. 
102°, 129°. d-Aldehyde occurs in false camphor 
wood oil from Htrnandia peltata^ I- in the oil 
from Per ilia nankinensis. 

J L S 

PERILLYL ALCOHOL, 

C-CH 2 OH 

/ V 

H.C CH 

I I 

HgC CHg 

^c1+CMe:CH2 

b.p. 119-121711 mm., p20 0.9(34^ ^^^0 1.4999^ 
[aJi, —68°, naphthylureihane, m.p. 146-147°. 
Occurs in a number of essential oils. 

J. L. S. 

PERITECTIC REACTION {v. Vol. VII, 
596c). 

PERNOCTON. Sodium 5-sec,-hutyl-5‘p- 
bromoallylbarbitiiratc. Sedative and hypnotic. 
B.P.C. App. XIV {v. Synthetic Drugs). 

S E 

PEROXIDES AND PERACIDS, IN^ 
ORGANIC. —The term per-compound is used 
to describe all substances which contain the 
—O—O —bridge in their molecules. Hydrogen 
peroxide, H—O—O—H, is the parent sub¬ 
stance of the group, metallic peroxy-compounds 
being derived by the replacement of one or both 
hydrogen atoms in hydrogen peroxide by cations, 
whilst peracids of various types are obtained by 
similar replacements with an acidic group. It is 
characteristic of all por-compounds that the 
oxidising properties are associated with the 
structural relationship to hydrogen peroxide and 
are not due to enhancement of the valency of 
other elements in the molecule. Barium per¬ 
oxide, for example, contains bivalent barium, 
whilst in the persulphuric acids the sulphur 
valency is the same as in sulphuric acid. True 
peroxy-compounds yield hydrogen peroxide on 
hydrolysis. In a few so called per-compounds, 
such as manganese peroxide (or dioxide), MnOg, 
lead peroxide, PbOg, perchloric acid, periodic 
acid, and permanganic acid, the molecule is not 
related structurally to hydrogen peroxide, and 
the oxidising properties are duo to the presence 
in the molecule of an atom in one of its liigher 
valency states. 

The Alkali Metal and Alkaline Earth 
Metal Peroxides. —The Reparation* and 
properties of hydrogen peroxide have already 
been described \v, Vol. VI, 339): those of*the 
metal peroxides are also dealt with in part in 
the descriptions of the compounds of the metals 
concerned. The metallic peroxides are formed 
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most readil}^ by the strongly eh’sctropositive ele¬ 
ments of the alkali and alkaline-earth groups. 
These compounds are solids with ionic lattices, 
one component of whic h is the Og” or the 0~ 
ion. The peroxides of these groups are tabu¬ 
lated below. 

hi 2^2 

NagOj 

K2O2 K2O3 KO2 CaOg 

RbgOg RbgOg RbOg SrOg 

CS 2 O 2 CS20g CsOg BaOg 

When the alkali metals are heated in excess 
of oxygen, the final products formed are LijO, 
NagO^, KOg, RbOo, and CsOg. The propor¬ 
tion ot oxygon in the most stable oxide thus 
increases with the ionic radius of the metal. 
Lithium monoxide is white, but the ciolour of the 
oxidation product deepens progressively from 
Na 202 (yellow) to CSO 2 (dark brown). Those 
peroxides of potassium, rubidium, and csesiura 
are also formed by heating the metal hydroxides 
at 375“ in oxygen under pressure (Fischer and 
Ploetzer, Z. anorg. Chern. 1912, 75, 1 ). 

The oxide LI 2 O 2 is said to be formed in small 
amounts when lithium is heated in oxygen. It I 
is also formed by oxidation of hthium in li(iuid 
ammonia solution (?;. infra). The remaining 
oxides of the type M 2 O 2 are also formed by 
carefully controlled oxidation of the alkali metal. 
Thus, K 2 O 2 may be formed by oxidising potas¬ 
sium in the calculated amount of air at 300“, or 
by oxidation in a carefully limited supply of 
nitric oxide. A more general method which 
allows of the isolation of the intermediate oxida¬ 
tion products is to bubble oxygen into a solution 
of the alkali metal in liquid ammonia at —50“ 
when the increase in weight serves as a measure 
of the oxygen absorbed. This method of pre 
paration has yielded peroxides of the type MjOg 
from potassium, rubidium, and caesium (Joannis, 
Compt. rend. 1893, 116, 1370). The oxides are 
precipitated from the ammonia solution and 
show characteristic colours ; thus, for potassium, 

K in liquid NHg. KgOj. KgOg. KOg. 

Blue. White. Kcd. Orauge. 

The oxide KgOg is formed from KO 2 by heating 
at 480“/1 mm. All of these oxides form ionic 
crystals containing the ions Og” and in the 
types MJO 2 and M^Og, respectively. It is 
probable that the type M.^Og should bo formu¬ 
lated as a lattice compound 2 IV 102 ,M 202 in 
which both anions are present. The relationship 
to hydrogen peroxide is thus due to the existence 
of a peroxide ion in the solid state. This may 
ersist over a small temperature range on fusion, 
ut in all cases the compounds lose oxygen at a 
sufficiently high temperature. The oidde KOo 
with water forms hydrogen peroxide and 
liberates oxygen, whereas K 2 O 2 forms only 
hydrogen peroxide 

2KO2+2H2O-2KOH+H2O2+O2 

Hydroperoxides. —The replacement of only 
one of the two hydrogen atoms of hydrogen 
peroxide by a metal atom leads to the formation 


of hydi o])eroxide8. Substances of this group are 
formed in various ways, and by some metals 
which do not form simple peroxides. Among the 
alkali metals, sodium hydroperoxide, NaOgH 
is formed from NagOg by reaction with an ic^e- 
cold mixture of alcohol and concentrated nitrict 
or sulphuric acid, or by the action of metallic 
sodium on an ether solution of hydrogen per¬ 
oxide (l)’Ans and Frioderi(?h, Rer. 1910, 43, 
1880). The latter preparation indicates tlio 
relationshij) to hydrogen peroxide. 'I'he com¬ 
pound decomposes slowly at room temperature, 
and forms the addition compounds 

NaOOH,0 5 H 2 O 2 

and NaOOH,0-5HoO2,2H2O with hydrogen 
peroxide. Similar hydroperoxides of potas¬ 
sium, rubidium, and cicsium may be prepared. 

Ammonium hydroperoxide, NH 4 OOH, is 
formed when dry ammonia reacts wdth a sol\ition 
of 98% hydrogen peroxide in dry other at —1()“. 
It is a crystalline solid, m.p. 14“, which is trans¬ 
formed by lurtlior reac'tion with gaseons am¬ 
monia into ammonium peroxide, (NH 4 ) 202 , 
m.p. ra. — 40“, a compound which is loss stable 
than the hydroperoxide. 

Peroxides of the Alkaline Earth 
Metals.—The three peroxides CaOg, SrOg, 
and Ba 02 show a variation in stability which is 
analogous to that in the alliali-metal series. Of 
these three elements, barium has the largest 
cafion radius (1*3-1 -4 a.) and its peroxide is the 
most stable, being formed by heating the mon¬ 
oxide in air. There is a reversible equilibrium 
between the monoxide and the dioxide which 
formed the basis of the now obsolete Brin pro¬ 
cess for obtaining oxygen from the air. The 
pero.xides BaOg and KOg are related in that 
both have the f;alcium carbide type of crystal 
lattice with cations and anions of similar dimen¬ 
sions. 3''hus the radius of the potassium ion is 
1*33 A., whilst the internuclear distances between 
the oxygen atoms of the ion Oy in KOg is 1*28, 
the corresponding figure for Oo” in BaOg being 
1*31 A. 

Strontium peroxide is formed from the mon¬ 
oxide by heating in oxygen under pressurtJ; 
the conversion is about 15% at 400“ and 100 
atm. of oxygen. The compound is, however, 
formed by the action of oxygon on a solution of 
strontium in liquid ammonia, or when strontium 
is oxidised by oxygen under pressure. Calcium, 
which has the smallest cation radius of the group, 
does not form its peroxide by the action of 
oxygen on the heated monoxide, and the yield 
from the oxidation of calcium in liquid ammonia 
solution is also small. Hydrated peroxides of 
the type M^^ 02 , 8 H 20 are formed by all the 
alkaline-earth metals, that of calcium, for 
example, being produced when hydrogen per¬ 
oxide or sodium peroxide reacts with milk of 
lime or calcium salts. It finds technical appli¬ 
cations as a bleaching agent and for antiseptic 
purposes, and is moderately stable. 

Other Metallic Peroxides, —The less elec¬ 
tropositive metals form in general peroxides or 
hydroperoxides which are less well defined. 
Some of these are structurally intermediate 
between the peracids and the peroxides. 
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Magnesium peroxide is an interesting example 
of the sort of compound obtainable. Hydrogen 
peroxide in alkaline solution precipitates from 
magnesium sulphate a compound MgOjMgOg. 
This compound is also formed by the interaction 
of sodium peroxide and magnesium salts in 
presence of a small amount of water. The pro¬ 
ducts from these reactions may contain varying 
amounts of magnesium hydroxide. Decom¬ 
position by water occurs readily in the freshly 
j)rec ipitated state, but the stability of the dry 
material is much greater. Various antiseptics 
based on magnesium peroxide are described, all 
of which owe their action to the presence of a 
true peroxide which yields hydrogen peroxide 
with acids {see W. Machu, “ Wasserstoff-peroxjgfl 
und die Perverbindungen,” Vienna, 1937). 

Zinc and cadmium form similar ill-defined 
peroxides. Thus by the action of 30% hydrogen 
p(U’oxido on an ammoniacal zinc sulphate solu¬ 
tion a produ('t approximating to the formula 
Zn 02 ,Zn( 0 H )2 results. A true peroxide, 
ZnOg.O-SHaO, is formed when an ether solu- 
ti(m of hydrogen peroxide rea(;ts with zinc ethyl. 
Magnesium and cadmium peroxides may be 
formed similarly. It is possible that in some of 
these preparations the hydroperoxide group, 
Zn-“O—O— H, is present. Preparations of 
mcdhpinal use are obtained in the same way as 
those containing magnesium peroxide. 

Many other metals form peroxy-eompounds of 
a more or less definite character. Thus copper, 
sil\’er, and mercury may all form peroxides, 
though in some instances, as for example, in the 
anodic oxidation of silver, it is more likely that 
the product is an oxide of a higher valency state 
of the metal. These supposed peroxides have 
not been shown to yield hydrogen peroxide on 
tTcatment with acids. 

Peroxides of Weakly Electropositive 
Elements of Groups IV, V, and VI.— 

Certain of the weakly electropositive elements 
of Groups IV, V, and VI form peroxy-eompounds 
which are intermediate in character between the 
peroxides of the more electropositive elements 
and the true per-acids. Thus titanium, zir¬ 
conium, hafnium, and cerium form compounds 
of the type M 03 , 2 H 20 when hydrogen per¬ 
oxide reacts in alkaline solution with solutions 
of their salts. These substances arc precipi¬ 
tated in an amorphous form. 

The formula of the titanium compound 
Ti 03 , 2 H 20 is best represented as a hydro¬ 
peroxide derived from the ortho-form of the 
metal hydroxide (Schwarz and Giese, Z. anorg. 
Chem. 1928, 176, 209). 


HO. /OH 

-f H2O2 

HO-^ \OH 


HO. 

^Ti; 

ho/" 


o—O—H 

OH 


+ H,0 


The compound loses oxygen when suspended in 
water and with dilute acids yields hydrogen per¬ 
oxide. Th 6 formula is further supported by 
determinations of the ratio of oxide to active 
oxygen and to water (« 1 ; 1 ; 2 ). The compound 


is soluble in potassium hydroxide in presence of 
hydrogen peroxide and from the solution a 
potassium salt, K^TiO^, may be isolated, which 
is formulated as a derivative of the ortho- 
peroxy-acid. 


K. 


— 0 — 0 . 


^ 0 - 0 - 


rrr 


—0—0/" \o—o— 


The titanium compounds serve to indicate the 
type of compound formed in this group. Struc¬ 
tures are not in every case well established, but 
it is at least clear that all the so-called peroxides 
of this group contain either the — O—O— 
bridge or the — O—O—H group, either of which 
leads to the liberation of free hydrogen peroxide 
on treatment with acids. 

Acid zirconium sulphate solutions when 
treated with hydrogen peroxide at 0 ° give a pre¬ 
cipitate consisting of a zirc^onium peroxysul- 
phate, Zr 20 eS 04 , 8 H 20 , which has been 


formulated as 

Ov 

/O-O. 

/O 

1 X 


1 

0 / 




Titanium forms a somewhat similar poroxy-com- 
pound KgLOgTI(SO^lgJjSHgO, which is stable 
in dilute sulphuric acid and which is responsible 
for the yellow colour used in the colorimetric 
determination of titanium with hydrogen per¬ 
oxide. This colour is bleached by fluoride ions 
because of the following reaction : 

K2[02Ti ( 804 ) 2 ]+ 6 HF 

I ^K2TiF3+2H2S04+H202. 

The boundary between peroxides and per- 
acids is extremely ill defined, and so it arises 
that in Groups V and VI of the Periodic Table 
the elements vanadium, niobium, tantalum, 
chromium, molybdenum, tungsten, and uranium 
form a number of weak poracids, some of which 
are known to give well-defined salt-like deriva¬ 
tives. 

Acid solutions of vanadates, for example, give 
a red colour when treated with hydrogen per¬ 
oxide, and it is possible to precipitate solid per- 
vanadates by the addition of alcohol. The 
presence in the red sulphuric acid solution of a 
peroxy-vanadyl sulphate, (V 02 ) 2 ( 804 ) 3 , which 
is transformed by excess of hydrogen peroxide 
into the acid H 3 VO 5 , has been suggested. 
Niobium and tantalum yield the per-salts 
NagNbOg and NagTaOg when exi^ess of 
hydrogen peroxide reacts with solutions of 
alkali nio bates or tantalatos. 

The chemistry of the porchromates is com¬ 
paratively complex, a number of per-compounds 
being formed by the action of hydrogen peroxide 
on chromic acid. The deep blue ether-soluble 
compound formed when solutions containing 
chromic acid are treated with hydrogen per¬ 
oxide is now believed to be a true peroxide, 
CrOg (for the evidence bearing on the constitu¬ 
tion of the chromium per-compounds, see H. J, 
Emeleus and J. S. Anderson, “ Modem Aspects 
of Inorganic Chemistry,” Routledge, 1938). 
Reaction of this blue substance with alcoholic 
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solutions of an alkali gives a series of blue salts 
—the “ blue perehromates ”—of the general 
formula M^HgCrO,, whilst a further aeries of 
perehromates—the “ red perehromates ”—of 
the type IVIgCrOg is formed in the reaction 
between hydrogen peroxide and alkaline solu¬ 
tions of chromic acid below 0 °. When their 
solutions are acidified, oxygen is evolved and the 
blue ether-soluble peroxide is formed. It is 
believed that the blue perehromates should be 
formulated as KgCrOjgjSHgO (I) and the red 
perehromates as MgCr^Oig (II). 

O 2 O 2 

II II 

KO—Cr~0~0—Cr—OK 

!1 II 

O 2 O 2 

I. 

OgK OgK 

O 

II. 

The chemistry of the permolybdates is like¬ 
wise complicated. Solutions of normal molyb¬ 
dates give a deep colour with hydrogen peroxide 
and on adding solid potassium molybdate to 
ice-cold hydrogen peroxide, the unstable salt 
KgMoOg crystallises. This may have four per- 
oxy-groups co-ordinated round molybdenum in 
the anions. With polymolybdates various more 
complex substances are formed, the formulation 
of which has not yet been settled. Tungsten 
forms a series of imstable pertungstates, 
M^WOg, analogous to the simple permolyb- 
datos, and in addition a number of more com¬ 
plex peroxy-bodies of unknown constitution. 

Uranyl salts react with hydrogen peroxide 
forming an amorphous yellow precipitate of 
U 04 , 2 H 20 , the water in the molecule of which 
cannot bo removed without decomposition. 
This may possibly be formulated as 

0-U(0H)3(00H). 

True peruranates are formed by the action of 
alkalis and hydrogen peroxide on uranyl salts. 
These include salts such as Na 4 U 08 , 8 - 9 H 20 
and Na 2 U 2 attempts to formulate 

which are based by Rosenheim and Daehr (Z. 
anorg. Chem. 1932, 208, 81) on determinations 
of the atomic ratios of active oxygen to uranium 
and of true peroxide oxygen to uranium. 

The Persulphates and Percarbonates. 
—Permono- and perdi-sulphuric acids represent 
a different type of peroxy-compound from the 
foregoing in that, though derived from hydrogen 
peroxide and structurally related to it, they con¬ 
tain in their molecules respectively one and two 
strongly acidic HSOg groups. The acids there¬ 
fore behave as strong acids, in contrast to the 
much weaker hydroperoxide compounds, in 
which the functional group is the weakly acidic 
—O—O—H group. 

The relationship of Caro’s acid, HaSOg (per- 
monosulphuric acid), and perdisulphuric acid. 


HgSgOg, to hydrogen peroxide is settled by their 
synthesis as colourless crystalline solids by the 
interaction of anhydrous hydrogen peroxide and 
cooled chlorosulphonic acid, when, according to 
the proportions of the reactants taken, one or 
two of the hydrogen atoms of hydrogen i)eroxide 
may be replaced by the HSO 3 radical: 

H202+S02(0H)CI HO—O—SOgOH; 
H202t2S02(0H)CI 

OHSO 2 —O—O—SOgOH. 

The presence of an oxygen bridge in the struc¬ 
ture is further indicated by a study of the 
crystal structure of potassium ])ersulphate, which 
shows the two sulphur atoms in the SgOg" anion 
linked by lufo oxygen atoms. 

The percarbonates can, like the pcrsul])hates, 
1)0 prepared by the familiar method of elec¬ 
trolysis with a well-cooled cell and a high anode 
current-density. Electrolysis of a concentrated 
potassium carbonate solutiO!i in this way yields 
a pale blue potassium porcarbonatc, KgCgO^, 
which, from its mode of formation, must have 
the formula (I). 

KOv^ /OK 

;c—o~ o- c. 

o o 

J. 

NaO\ O ONa 

X—O—C. 

O O 

Jl. 

O-O-^Na 

o c: 

\ONa 

III. 

A second series of percarbonates is formed by 
the action of carbon dioxide on sotlium peroxide, 
when two compounds N 3 X 206 and N 32004 
are obtained according to the proportions of the 
reactants taken. These compounds have the 
formulae (II) and (III), respectively, which are 
consistent with the mode of preparation, the 
proportion of active oxygen, and the fact that 
the third compound is formed when phosgene 
reacts with sodium peroxide. 

Of the remaining elements of Group IV only 
germanium and tin form true pcracids. A solu¬ 
tion of sodium motagermanate, for example, 
when treated with 30% hydrogen peroxide at 
0 ® yields two salts, Na 2 Ge 207 , 4 H 20 and 
Na 2 Ge 05 , to which the formula 3 (IV) and (V) 
below are assigned. 

NaOOv /OONa 

^Ge—O—Ge::r 

IV. 

/OONa 

o-Ge:;^ 

\oONa 

V. 
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Other Per-acids. —Pernitric Acid^ HNO 4 , 
is formc(J, together with nitric acid, when 
nitrogen pontoxidc reacts with anhydrous 
hydrogen peroxide: 

->- HNO34 HNO4 

It is a very unstable compound, with, as might 
be expected, strong oxidising properties. 

Permonophosphoric Acidy H 3 PO 5 , is produced 
similarly by dissolving phosphorus pentoxide in 
.‘10% hydrogen xieroxide. It is interesting to 
note that in this acid, as in permonosulphuric 
acid, the strongly acidic hydrogen atoms are 
those of the OH groups attached directly to the 
phosphorus atom and not that in the’residual 
—O—O—H group of hydrogen x*®i*<^xido. 
Electrolytic i)roduction of perdiphosphates was 
first achieved by Fichter (Helv. Chim. Acta, 
1928, 11, ,*12.3) by electrolysing concentrated 
solutions of potassium hydrogen phos]ihato (‘on- 
taining a high concentration of potassium 
fluoride. From the resulting solution i>ota 8 sium 
perdipliosphatc, K 4 P 2 O 3 , may be isolated. It 
is a eomi)arativcly stable salt with strong 
oxidising j)roperties. Perdiphosphoric acid is 
similar to perdisulphuric acid in that it may be 
hydrolysed in strongly acid solution in turn to 
X)ermonophoHplioric acid and hydrogen peroxide. 

Perborates are also known, though the 
existence of a perboric acid does not appear to 
have been in^’cstigated. Potassium metaper¬ 
borate, KBOg.O-SHgO, is precipitated by 
alcohol from solutions of metaborates to which 
hydrogen })eroxide has been added, and a 
s()dium perborate NaBOg is formed by the 
action of boric acid on sodium hydroi)croxide. 

Compounds Containing Hydrogen 
Peroxide of Crystallisation. —A number of 
salts are known containing hydrogen peroxide 
of crystallisation which, though nut structurally 
related to the true peroxides, do show many 
of their oxidising reactions. Aqueous solutions 
of such compounds display all the reactions of 
hydrogen peroxide and thus differ from salts of 
true ijeracids, from which hydrogen peroxide is 
formed as a rule only slowly by hydrolysis. The 
peracids and their salts give an immediate libera¬ 
tion of iodine from potassium iodide, whereas 
compounds with hydrogen peroxide of crystal¬ 
lisation liberate iodine only slowly. In addition, 
in the latter case, hydrogen peroxide may be 
extracted with ether from the aqueous solutions. 

Solutions of sodium carbonate containing 
hydrogen peroxide give, when treated with 
alcohol, a precipitate of the salt 

Na2C03,Ha02,0*6H20, 

which has been used as a constituent in washing 
powders. The compound usually known as 
sodium perborate is similar in type and has the 
constitution NaB 02 ,H 202 . 3 H 20 and may be 
crystallised from alkaline borax solutions treated 
with hydrogen peroxide or sodium peroxide. It 
may also be produced on a technical scale by 
electrolysis of solutions containing both sodium 
borate and sodium carbonate. Like the sodium 
carbonate derivative, it is used in the preparation 
of washing powders and bleaching agents. 
Similar compounds are obtainable from sodium 
silicate, the compound NajSiOgjH^OjjHgO, 


for example, being formed by dissolving sodium 
metasilicate in a 30% solution of hydrogen 
peroxide. 

I). S. P. 

PEROXIDES AND PERACIDS, 
ORGANIC. Organic peroxides may be con¬ 
sidered as alkyl (or aryl) derivatives of hydrogim 
peroxide, and are formed as intermediates in 
many reactions involving oxidation, such as 
autoxidation, bacteriological oxidation of alco¬ 
hols, drying of oils, explosion in internal com¬ 
bustion engines, photochemical processes, etc. 
They may be prepared by the following general 
reactions: 

1 . Alkylation of hydrogen peroxide. 

2. Oxidation of alkyl radicals. 

3. Dehydrogenation of hydroxy-compounds. 

4. Treatment of olefins, aldehydes, ketones, 

hydroxy compounds or alkoxy com¬ 
pounds with oxygen, ozone or hydrogen 
peroxide. 

5. Decomposition of ozonidcs. 

M(dhod 1, and in some cases 4 and 5, yield 
alkyl peroxides in pure condition. 

In general the organic peroxides are un¬ 
stable explosive substances possessing powerful 
oxidising properties. With a few exceptions 
they liberate iodine (juantitatively from potas¬ 
sium iodide and are estimated by modifications 
of this reaction (Liebhafsky and Sharkey, J. 
Amer. Chom. Soc. 1940, 62, 190; Kokatnur and 
Jelling, ibid. 1941, 63, 1432), by reduction with 
titanous or stannous salts, or by colorimetric 
methods involving oxidation of ferrous to ferric 
salts in the presence of a thiocyanate (Bolland 
et al.y Trans. Inst. Rubber Ind. 1941, 17 , 29), of 
indigosulphonic acid (Rostovtsova, Org. Chem. 
Ind. Russ. 1936, 2,160), of 2;5-bis-(2:4-dimethyl- 
N -pyTryl)-3:6-dibromohydroquinone (Pratesi and 
Celeghini, Gazzetta, 1936, 66, 365), or of a leuco- 
base obtained by the action of sodium thiosul¬ 
phate on Methylene Blue (Popesco, Chim. et 
Ind. 1939, 42, 25). Some peroxides may be 
estimated polarograpliically (Koshkin et al., 
Zavodskaya Lab., 1939, 8, 677; 1940, 9. 166). 
True peroxides containing the — O — O — bridge 
may be differentiated from false peroxides (com¬ 
pounds with attached hydrogen peroxide) by 
the ability of the former to liberate iodine with¬ 
out also Liberating oxygen from phosphate- 
buffered potassium iodide (Schwarz and Hein¬ 
rich, Z. anorg. Chem. 1935, 223, 387). 

The peroxides are conveniently classified as 
follows: 

I. Transannular Peroxides 
(Bergmann and McLean, Chem. Reviews, 1941, 
28, 367). 

These contain a l;4-peroxide bridge across a 
six-membered ring and are characterised by their 
ready formation under the influence of light and 
air, and by their ability to undergo rearrange¬ 
ment or even to release oxygen. 

Ascaridohy 

Me^O—O^CHMe,, 


is an oil, b.p. 80--81°/4 mm., with unpleasant 
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taste and smell, which was recognised in 1908 
as the principal anthelmintic constituent of 
chenopodium oil. It decomposes violently at 
130-150®, but if heated in a solvent it isomerises 
to the ether epoxide 



liiibrene Peroxide is remarkable for its ability 
to dissociate into rubrene and oxygen when 
heated in vacuo. 


Ph Ph 



Ph Ph 


and this may be explained by the resonance 
energy gained by reversion to the rubrene struc¬ 
ture. liufraisso (Bull. 8oc. chim. 1039, fv], 6, 
422) has shown that many polynuclear aromatic 
hydrocarbons containing the resonating system 


Ph 



yield dissociating peroxides. 

II. Hydroperoxides. 

These substances are products of autoxidation 
of many olefins, the hydroperoxide group being 
located at the a-methylenic carbon atom 
(Farmer, Trans. Faraday Soc. 1942,38, 348). A 
characteristic reaction of the hydroperoxide 
group is liberation of oxygen in the cold when 
treated with lead tetra-acetate. Hydroper¬ 
oxides of eyeZohexene (b.p. 45-47°/0-01 mm., 
Criegee, Ber. 1939, 72 [B], 1799), tetralin (m.p. 
56°) and menthene can be methylated with di¬ 
methyl sulphate and alkali, the methylated 
derivatives R-O-OCHg show only feeble per¬ 
oxide characteristics (Hock and Lang, Ber. 
1942, 75 [B], 300). Xylene hydroperoxide has 
b.p. 5170 05 mm., 1-5322 (idem, ibid. 1943, 
76 [B], 169). 

Alh/l Hydroperoxides are obtained by half 
alkylation of hydrogen peroxide with dialkyl 
sulphate and alkali (U.S.P. 2223807). 

Methyl Hydrogen Peroxide, Me-O-OH, is a 
pungent liquid, b.p. 38-40765 mm., which 
attacks organic matter and explodes on heating 
or rubbing (Rieche and Hitz, Ber. 1929, 62 [B], 
2468; Z. angew. Chem. 1929, 42, 814). It 
reacts as an oxidising agent in acid solution, but 
as a reducing agent in alkaline solution, towards 
which it is very sensitive, decomposition pro- 


I ceeding with intermediate formation of mono- 
j hydroxy dimethyl peroxide, the final decom¬ 
position products being methanol, formic acid, 
and hydrogen : 

Me-O OH -> HCH04 HgOa 

Me O OH+HCHO-^ Me-O O CHjj-OH j 

Me O OCHg-OH CH 3 O— 4 HCOOH 4 H j 

2 CH 3 O—CH 3 OH+HCHO-' 

- Me-OOH 

Barium Methyl Peroxide is formed when a 
30-50% aqueous solution of methyl hydrogen 
peroxide is treated with excess of baryta. The 
.solution so obtained is filtered and warmed with 
alcohol; the salt crystallises on cooling. The 
barium salt is highly explosive, and when dry 
detonates on touching (llicche and Hitz, Ber. 
1930, 63 [B], 2504). 

Ethyl Hydrogen Peroxide, Et-O-OH, b.p. 41- 
42755 ram., 71^^ 1-3800 (Harris, Proc. Roy. Soc. 
1939, A, 173, 120) docs not evolve much hydro¬ 
gen in alkaline solution unless formaldehyde is 
present. 

tort.-Butyl Hydrogen Peroxide, Me^C-O-OH, 
is obtained by fractionating an anhydrous solu¬ 
tion of hydrogen peroxide in Zerf.-butyl alcohol in 
the presence of a dehydrating agent. Jt is sta ble 
at room temperature and is only slowly de(-om- 
posod by alkali (Milas and Harris, J. Amer. 
Chem. Soc. 1038, 60, 2434). 

III. Hydroxy-alkyl Hydrogen 
Peroxides, 

R CH(OH)-0 OH. 

These arc obtained by interaction between 
molecular proportions of an aldehyde and 
hydrogen peroxide in dry ether solution (Heicho 
and Meister, Ber. 1931, 64 [B], 2328). 1’hey 
readily pass into dihydroxy-dialkyl peroxides, 
especially in the presence of water, and eliminate 
water readily forming acids. With aldehydes 
they do not form -dihydroxy-dialkyl per¬ 
oxides, but mixtures of sym-dihydroxy-dialkyl 
peroxides (q.v.). 

Thermal decomposition yields an acid corre¬ 
sponding to the original aldehyde together with 
an alcohol formed by replacement of the original 
-CHO group by -OH (Spiith, Pailer, and 
Schmidt, ibid. 1941, 74 [B], 1552). 

Hydroxymethyl Hydrogen Peroxide, 

CH2(0H)-0-0H, 

is an oil, 1-4205 which explodes on heating 
(Rieche and Meister, ibid. 1935, 68 [B], 1466). 

a-Hydroxyethyl Hydrogen Peroxide, 

CH3-CH(OH)-0-OH, 

is an almost colourless oil, readily soluble in 
water, alcohol, and ether. With alkali or 
aqueous FeS 04 , acetaldehyde and acetic acid 
are produced: 

2CH3CH(0H)-00H 

CH 3 CH(0H) 0 0 CH(0H) CH, 

CH, CHO+CH, COOH 
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Dehydration with P 2 O 5 docR not yield an 
acid, but gives ethyl id ene peroxide (Rieche and 
Meister, ibid, 1939, 72 [B], 1933): 

CH3CH(0H) 0 0H 

The higher aldehydes yield non-explosive 
crystalline hydroxy-alkyl hydrogen peroxides : 
c.g.y a-hydroxyheptyl hydrogen peroxide, ro.p. 
40°; a-hydroxyoctyl hydrogen peroxide, m.p. 
40°; a-hydroxydodecyl hydrogen peroxide, 
m.p. 05-67°. 

IV. Dialkyl Peroxides, 

R-O O R. 

These arc obtainf'd by alkylation of both 
hydrogen atoms of hydrogtai peroxide with 
2 mol. dialkyl sulphate and potassium hydroxide 
(B.P. 508419). Mixed dialkyl peroxides, 

R O O R', 

are obtained by alkylating alkyl hydrogen per¬ 
oxides. Dialkyl peroxides arc highly explosive, 
colourless volatile licpiids, H])aringly soluble in 
water, readily S(jluble in alcohol and ether. 
Th(‘y are only weak oxidising agents, liberating 
iodine slowly and incompletely from iodides, but 
may act as dehydrogenating agents under the 
catalytic influence of Fe“, 

Et^Oj -i'1. R+EtOH 

(Wieland and Bossert, Annalen, 1934, 509, 1). 

Dimethyl Peroxide, CHg-O-O CHg, is a highly 
explosive and shock-sensitive gas, b.p, 13'5‘"/70(^ 
mm. (Micche and Brumshagen, Ber. 1928, 61 [B],< 
951). Explosive decomposition yields formal¬ 
dehyde and methanol, 

CH 3 0 0 CH 3 -> CH 3 OH f HCHO. 

Methyl Ethyl Peroxide, CHg-O-O-CgHg, ob¬ 
tained by methylating ethyl hydrogen peroxide, 
is a mobile liquid, b.p. 40°/740 mm. (Riei he and 
Hitz, ibid. 1929, 62 [B], 218). 

Diethyl Peroxide has b.p. 64°/740 mm. (Baeyer 
and Viliiger, ibid. 1900, 33 [B], 3387). 

Triphe7iylmethyl Peroxide, PhjC-O-O-CPhg, 
m.p. 185-186°, is obtained by oxidation of tri- 
phenylmethyl with atmospheric oxygen (Gom- 
berg, ibid. 1900, 33, 3154; 1904, 37, 3538). 
Peroxides of this type are secondary products 
derived from short-lived ROO' radicals (Ziegler, 
Trans. Faraday Soc. 1934, 30, 10). 

V. Monohydroxy-dialkyl Peroxides, 
RCH(OH)OOR. 

Prepared by the interaction of aldehydes with 
alkyl hydrogen peroxides in ether solution : 

R CHO+R O OH -> R eH(OH) O OR, 

they are fairly stable distillable liquids; under 
the influence of Fe** or alkali they decompose, 
yielding acids and alcohols with evolution of 
hydrogen. 


Hydroxymethyl Methyl Peroxide, 

CH2(0H)00CH3, 

from HCHO and CHg-O OH, has b.p. 45717 
mm. It is soluble in alcohol and ether, rather 
less so in water. Decomposition with alkali 
gives hydrogen, formic acid, and methanol. 
Hydroxymethyl Ethyl Peroxide, 

CH2(0H)00C2H5, 

b.p. 47°/13 mm., is obtained from formaldehyde 
and ethyl hydrogen peroxide. 

Hydroxy ethyl Methyl Peroxide, 

CH 3 CH(0H) O OCH 3 , 

from acetaldehyde and methyl hydrogen per¬ 
oxide, has b.p. 29“31°/22 mm. 

Hydroxy ethyl Ethyl Peroxide, 

CH 3 CH{OH) O OC 2 H 5 , 

is formed from acetaldehyde and ethyl hydrogen 
peroxide, and has b.p. 48-52°/65 mm. (Rieche 
and Hitz, Ber, 1930, 63 [B], 2642). 

VI. Di(hydroxyalkyl) Peroxides, 

R CH(OH) O O CH{OH) R. 

These are prepared by mixing two molecular 
proportions of aldcdiyde with one molecular pro- 
j)ortion of hydrogen peroxide in ether solution, 

2R CHO+H 2 O 2 

->‘‘r CH(OH) O O CH(OH) R 

(Baeyer and Viliiger, ibid. 1900, 33, 2485 ; Wie¬ 
land and Wingler, Annalen, 1923, 431, 310). 

Peroxides from the higher aldehydes are 
decomposed by alkali into aldehydes and 
hydrogen peroxide. 

The umsymmctrical dihydroxy-dialkyl per¬ 
oxides do not exist; they undergo transfor¬ 
mation into mix l ures of symmetrical peroxides : 

2R CH(OH) O O CH(OH) R' 

-V R CH(OH) O O CH(OH) R 
-I R''CH(0H) 0 0 CH(OH) R' 

Di(hydroxymethyl) Peroxide, 

CH2(0H) O O CHgOH, 

is formed in the hydrolysis of ozonides (Briner 
and Schnorf, Helv. Chim. Acta, 1929, 12, 154), 
by the action of ozone on methyl ether (Fischer, 
Annalen, 1929, 476, 244) and by the action of the 
silent discharge on methane and oxygen (Fuji- 
moto. Bull. Chem. Soc. Japan, 1938, 13, 281). 
It is a moderately explo 8 ’'"e solid, m.p. 62-64°, 
and can be crystallised from ether or chloro¬ 
form ; but care is necessary in attempting to 
induce crystallisation by scratching (Wieland 
and Sutter, Ber. 1930, 63 [B], 74). It is decom¬ 
posed by water into formaldehyde and hydrogen 
peroxide. It will oxidise sulphurous to sul¬ 
phuric acid, and hydroquinone to quinone, but 
does not oxidise potassium iodide; reduction 
yields formaldehyde. 

Di{hydroxyethyl) Peroxide, 

CH 3 CH(0H) 0 O CH(0H) CH 3 , 

a pungent oil, readily soluble in water, alcohol, 
and ether, is not highly explosive, but forms, on 
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keeping or warming, kiglily explosive diethyl- 
idene peroxide. Dehydration with P 2 OC yields 
“ synthetic dimeric butylene ozonide,” CgHjeOg, 
an unstable mobile liquid which appears to form 
ethylidene peroxide on keeping, and yields, on 
distillation, monoperparaldehyde, 
b.p. 45-46°/12 mm. (Rieche and Meister, ibid. 
1932, 65 [B], 1274). 

Di ( trichlorohydroxyetJiyl ) Peroxide, 

CCl3CH{OH)OOCH(OH)CCl3, 

m.p. 122 °, is obtained from chloral and hydrogen 
peroxide. 

Di{hydroxy-propyl)-, -butyl-, and -valeryl per¬ 
oxides are oils; {dihydroxyheptyl) peroxide is a 
solid, m.p. 64°; diQiydroxyoctyl) peroxide has 
m.p. 72°. 

I)i{hydroxynonyl) peroxide, m.p. 74°, is a 
fission product of oleic acid ozoriide. 


VII. Alkylidene Peroxides. 

Ethylidene Peroxide, 


is formed by 


[cH^CH 


/ 

\ 



Caro’s acid (Baeyor and ViUiger, Bor. 1900, 
38, 2485). 


IX. Ketone Peroxides. 

These result from the action of hydrogen per¬ 
oxide on ketones. 

Diacetone Peroxide, m.p. 132°, is obtained by 
the action of Caro’s acid on acetone (Baeyor and 
Villigor, Z.C.). The formula 

/00\ 

MeaC( ;CMe2 

is ascribed to it. 

Triacetone Peroxide, (C 3 H 002 ) 3 , prepared from 
acetone and hydrogen peroxide, is a beautifully 
crystalline compound, m.p. 98-5°. It explodes 
on percussion or on heating. 

Both di- and tri-acetone peroxides are pro¬ 
ducts of autoxidation of di-wopropyl ether and 
their formation via hydroperoxides has been 
suggested (Rieche and Koch, Ber. 1942, 75 [BJ, 
1016). 

Mesityl Oxide Peroxide, m.p. 123° (Wolffen- 
stein, ibid. 1895, 28, 2265) is formulated as a 
bimolecular peroxide. 


( 1 ) dehydration of a-hydroxyethyl hydrogen 

peroxide or of di(hydroxyethyl) per¬ 
oxide with P 2 O 5 and subsequent 
warming, in vacuo, of the dehydration 
products; 

( 2 ) prolonged preservation, or warming, of 

butylene ozonide; 

(3) autoxidation of ether (Rieche, Z. angew. 

Chem. 1931, 44, 690). 

When freshly prepared it is an explosive viscous 
oil, but is not shock-sensitive; on keeping it 
becomes violently explosive and sensitive to thej 
slightest friction. Determination of its mole¬ 
cular weight in benzene give values of x from 
4-8 (Rieche and Meister, Ber. 1931, 64 [B], 
2336). 

Peroxides Formed from Aldehydes and Ozone .— 
Ozonolysis of undiluted aldehydes at fairly low 
temperature gives mixtures of the corresponding 
acids and peracids, the former being in excess. 

2R CH 0 -i- 03 -> R CO 2 H+R CO 3 H 
and 3 R CHO+O 3 3 R CO 2 H 

(Fischer, Diill, and Voltz, Annalen, 1931, 486, 
80). The “aldehyde peroxides” RCHOj 
obtained by the action of ozone on aldehydes! 
(Harries and Koetschau, ibid. 1910, 374, 321) are 
probably mixtures of acid, peracid, and un¬ 
changed aldehyde. 

VIII. Dl-alkylidene Peroxides, 


CMe,- 

-C Ho— CMe 


0 

1 

0 0 

1 1 

1 

0 

1 1 

0 0 

1 

XX' 

CMej- 

-CHg—CMe 


or CHMe^-CH-CMe 

, I I I 

00 O 

C H Meg-C H-^C Me 

Peroxides of Cyclic Ketones .—The initial pro¬ 
duct of the reaction of hydrogen peroxide with 
a cyclic ketone is probably a 1 -hydroxyhydro¬ 
peroxide, c.g., eyeZnpentanone gives 


OH OOH 



which may change spontaneously to a dimer of 
type 



0 - 0 . 

0 - 0 ^ 


/ 0 - 0 \ 

rch( ;chr 

Di-ethylidene Peroxide, (R = CH 3 ), is a highly 
explosive resin formed on warming or preserva¬ 
tion of di-hydroxyethyl peroxide (Wieland and 
Wingler, l.c.). 

Dibenzal Peroxide, (R—CgHg), m.p. 202°, is 
obtained by oxidation of benzaldehyde with 


1: 1 '-DiJiydroxy-peroxides, e.g.. 



have also been isolated (Milas, Harris, and 
Panagiotakos, J. Amer. Chem. Soc. 1939, 61, 
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2430; Dilthey, Inckel, and Stephan, J. pr. 
Chem. 1940. [ii], 154» 219). 

Lfp^vulic Acid Diperoxidct m.p. 197° (decomp.), 
is a decomposition product of rubber ozonide 
(Harries, Ber. 1905, 38, 1105) but it is neither 
an aldehyde nor a poracid. Pummeror et al. 
(ibid. 193J, 64 [B], 804) suggest the bimolecular 
ketone peroxide constitution 

CMeCHa-CHa-COOH 

CMeCHa-CHa-COOH 

X. Polymeric Peroxides. 

Autoxidation of conjugated dienes or triencs 
yields polymeric peroxides (dimeric to octameric) 
in which stabilisation of an initially formed 
diradical has undoubtedly been achieved by 
intermolecular reaction (Farmer, Trans. Inst. 
Rubber Ind. 1945, 21, 122 ). 

—c—c—c=c- 

—C~C-C C— I 

0—6 


o O C -C C--C 

I 

C—C - C—c 

I 

0—0 - . . . 

'Fhe polymeric peroxides generally exhibit high 
thermal and chemical stability, but a highly 
explosive butadiene peroxide has been reported 
(Scott, Ind. Eng. Chem. [News], 1940,18, 404). 

XL Acid Peroxides and the Peracids. 

Acid Peroxides^ ( RC0)202. 

These are prepared by treating acid chlorides 
or anhydrides in ethereal solution with barium 
peroxide, or by the action of the ice-cold acid 
chloride on sodium peroxide, 

2R C 0 CI+Na 202 -> (R C 0 ) 20 a-f 2NaCI 

The acid peroxides are powerful oxidising 
agents; they undergo decomposition on heating 
and are hydrolysed by water to peracids and 
acids: 

(R C 0 ) 202 +H 20 R COaH + R COgH 

Diacetyl Peroxide^ (CH 3 -C 0 )a 02 , m.p. 30°, 
b.p. 63°/12 mm., is very unstable. Its odour is 
sharp and characteristic, resembling ozone. 

Succinyl Peroxide, C 4 H 4 O 4 , is a highly ex¬ 
plosive crystalline powder obtained from suc- 
cinyl chloride and sodium peroxide ; smcinic 
peroxide, (C 00 H CHa‘CH2*C0)20a, prepared 
from succinic anhydride and 7*5% hydrogen 
peroxide, Is more stable, m.p. 124° (decomp.). 

Dibenzoyl Peroxide, (Ph* 00 ) 302 , is prepared 
from benzoyl chloride and sodium peroxide or 


hydrogen peroxide and sodium hydroxide, and 
is used extensively as a polymerisation catalyst 
and in peroxide-catalysed organic reactions. It 
is fairly stable, m.p. 103°, but sometimes ex¬ 
plodes when quite dry, although this tendency 
can be prevented by the admixture of sodium 
chloride before drying. The reactions of benzoyl 
peroxide are mainly those of the radicals result¬ 
ing from its dissociation: 

1 . Pyrogenic decomposition eliminates 2 mol. 
of carbon dioxide, (R*CO )202 -> 2 CO 2 + R*R. 

2. In the “ RH scheme” another hydro¬ 
carbon participates in the reaction and 1 mol. of 
carbon dioxide is eliminated, 

(R C0)2024-R'H > R COgH-l-RR'+COa 

or RCOaR'+RH + COg, 

c.g., PhCl -> Ph PhCl. 

3. The oxygen bridge may suffer cleavage, as 
in hydrogenation or reaction with substances 
susceptible to dehydrogenation, 

(R C 0 ) 202 F 2 H 2 R CO 2 H. 

4. In reaction with water or bases in the cold 
it resembles an acid anhydride, 

(RC 0 ) 202 +R'NH 2 

■ V R CO 3 H { R' NH COR. 

Benzoyl Toluoyl Peroxide and similar mixed 
peroxides are obtained when a mixture of 
different acid chlorides reacts with sodium 
peroxide, but acetylbenzoyl peroxide is also 
obtained by oxidation of benzoic acid in acetic 
anhydride (G.P. 037814). 

PeracuU, R • C O • O • O H. 

The aliphatic })eracids are obtained by the 
action of ozone on aldehydes, or by treating acids 
or anhydrides with hydrogen peroxide and a 
trace of sulphuric acid or p-toluenesniphonic 
acid (Boeseken, Rcc. trav. chim, 1930, 55, 815). 
They are valualde oxidising agents for un¬ 
saturated substances and may bo used to deter¬ 
mine unsaturation (Smits, ibid. 1930, 49, 091); 
if conducted at low temperature the oxidation 
yields oxido-compounds (Findley et al., J. Amer. 
Chem. Soc. 1945, 67, 412), but at ordinary’ 
temperatures acylated diols are more usually 
obtained. Oxidation does not occur if the 
double bond is adjacent to a carbonyl group, as 
in crotonic acid. 

Peracetic Acid, CH 3 CO 3 H, m.p. 01°, ex¬ 
plodes at 110°. It is readily soluble in water, 
alcohol, ether, and sulphuric acid. For its 
preparation, see Findley (i.c.). 

Perbenzoic Acid, CgHg-COgH, m.p. 41-43°, is 
best prepared by treating benzoyl peroxide with 
sodium ethoxide (Braun, Org. Syntheses, 18 , 
86 ). It is somewhat explosive. 

Thbbmax Decomposition of Pekoxides. 

George and Walsh (Trans. Faraday Soc. 1946, 
42, 94) suggest that peroxides undergo fission at 
the —O—O— bond, followed by fission at th(' 
weakest adjacent —C—C— linkage, the largest 
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of the alkyl substituents being split off prefer¬ 
entially. The following examples illustrate the 
mechanism involved: 

1 . tert.-Butjl hydrogen peroxide, 

CH„ CH, 

I . I . . 

CH,—C—OOH ->■ CH3—C= 0 + 0 H + CH3 
CH3 

2. Di-^er^.-butyl peroxide, 

CHo CH3 

I 1 

CHo—C—O—O—C—CH, -> 

I I 

CH3 CH3 

CHo CHo 

I I ' 

CH 3 —C-O+O-C—CH 3 I CoHg 

3. Benzoyl peroxide, 

Ph’CO O O'COPh -> Ph+COg-l O COPh. 

For other data on peroxide decomposition, see 
Wieland (Annalen, 1934, 513, 93; 1937, 532, 
106), Hermans {ibid. 1935, 519, 133; Rec. trav. 
chim. 1935, 54, 760), Barak and Style (Nature, 
1935, 135, 760), Harris and Egerton (Proc. Roy. 
Soc. 1938, A, 168, 1), Brown (J. Amer. Chem. Soc. 
1940, 62, 2657), and McLure (Canad. J. Res. 
1942, 20B, 103), 
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G. F. B. 

PERSIAN BERRIES. These are the 
seed-bearing fruit of various species of Rhamnua 
growing in France, Spain, Italy, the Levant, and 
Persia. The Persian berry proper is obtained 
from R. amygdalina, R. oleoides, and R. aaxatilisj 
and is about the size of a pea, yellowish-green 
in colour, with a surface much shrivelled, hard, 
and divided, along well-marked depressions 
forming a cross, into four parts, each containing 
a triangular seed ; its taste is intensely bitter. 

Avignon or French berries, the product of R. 
infectoria and R. alaternuSy are smaller in size 
than the foregoing and contain only two seeds. 

Spanish, Italian, and Hungarian berries are, 
respectively, the product of R. saxatiliSy R. in- 
fectoria, and R. cathartica. These are similar in 
quality to the Avignon berries. 

All of these botanical varieties do not contain 
entirely the same constituents, but there is every 
reason to suppose that the colouring constituents 
of those to which the term Persian berry proper 
is applied are identical in each case. 

Persian berries contain the glycosides of three 
colouring matters, quercetin, rhamnazin, and 
rhamnetin (Herzig, Monatsh. 1885, 6 , 889; 
1888, 9, 649; 1889, 10, 561; A. G. Perkin and 
Geldard, J.C.S. 1896, 67, 500). These sub¬ 
stances are isolated by digesting the berries with 
l)oiling water and boiling the extract with 
addition of a small quantity of sulphuric acid. 
The glycosides are thus hydrolysed and the crude 


colouring matters separate as a greenish-yellow 
precipitate. From this product quercetin is ex¬ 
tracted with boiling alcohol and rhamnazin is 
removed from the residue by two or three ex¬ 
tractions with boiling acetic acid. 

Quercetin, C 15 H 10 O 7 , m.p. 316-317°, is 
3:6:7:3':4'-pentahydroxyflavone: 


HO, 



OH 



and on fusion with potash yields phloroglucinol 
and protocatechuic acid. Its constitution has 
been confirmed by synthesis {v. QuEHcrTRON 
Bark). 

Quercetin gives red-brown, brown-orange, 
bright orange, and olive-black shades on wool 
mordanted with chromium, aluminium, tin, and 
iron, respectively. 

Rhamnazin, C^ 7 Hi 407 , yellow needles, m.p. 
214-215°, is a dimethyl ether of quercetin and 
on methylation with methyl iodide affords 
quercetin 3:7:3':4'-tetramcthyl ether, it is 
hydrolysed by alcoholic potash with formation 
of vanillic acid and phloroglucinol mouomcthyl 
ether and is, accordingl 3 % quercetin 7:3'-diniethyl 
ether. Triacetyl- and tribenzoyl-rhamnaziii melt 
at 154-155° and 204-205°, respectjvely (Perkin 
and Geldard, l.c. ; Perkin and Allison, ibid, 1902, 
81, 469). 

Rhamnazin dyes mordanted wool giving 
shades resembling those which are produced by 
kaempferol (3:5:7:4'-tetrahydroxyflavono); 

Chromium. Aluminium. Tin. Iron. 

(loltlcn- Orange- Lemon- OU\e- 

yellow. yellow. yclJf)W. brown. 

Only a small amount of this colouring matter 
is present in Persian berries. 

Rhamnetin, C 10 H 12 O 7 , yellow needles, m.p. 
above 300°, yields quercetin 3:7:3':4'-tetramethyl 
ether when methylated, with methyl iodide, and 
is hydrolysed by boiling aqueous or alcoholic; 
potash with the production of protocaioohuic 
acid and phloroglucinol monomethyl ether 
(Herzig, l.c. ; Perkin and Allison, l.c.). It is, 
therefore, quercetin 7-methyl ether. 

Tetra-acetylrhamnetiriy m.p. 190-192° (Oesch 
and Perkin, ibid. 1914, 105, 2354), tetrapropionyl- 
rhamnetiny m.p. 158-162° (Liobermann and 
Hermann, Annalen, 1879, 196, 320); and 
rhamnetin sulphatcy orange-red needles (Perkin 
and Pate, J.C.S. 1895, 67, 660) have been 
prepared. 

Rhamnetin is a strong dyestuff and gives on 
mordanted woollen cloth shades which are 
practically identical with those produced by 
quercetin (Perkin and Wilkinson, ibid. 1902, 81, 
690). 

Xanthorhamnln, Cg4H42O20> a glycoside of 
rhamnetin, is obtained by extracting Persian 
berries with alcohol (Gellatly, Edin. New Phil. 
Jour. 1868, 7, 262; Liebermann and Hermann, 
l.c^. When hydrolysed by means of its specific 
ferment, rhamninase, which is present in Persian 
berries, xanthorhamnin forms rhamnetin and 
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the complex sugar rhamnhwse^ ^ 18 *^ 32^14 ^ 
latter, on digestion v^ith boiling dilute acids, is 
converted into 2 mol. of rhamnose and 1 mol. 
of galactose (C. and G. Tanrot, Compt. rend. 
1899, 129, 725). Methylation of xanthorliamnin 
with excess of diazomethane and hyd roly sis-'of 
the yellowish-brown resinous product with acid 
yields 3-bydroxy-5:7:3':4'-tetramethoxyflavonc 
indicating that the rhamninose residue is in 
union with the 3-hydroxyl group (Attrce and 
Perkin, J.C.S. 1927, 234). 

No glycosides of rhamnazin or quercetin have 
been isolated as yet from Persian berries. 

Persian berry extract was at one time prepared 
in large quantity by extracting the berries with 
boiling water and evaporating the solution under 
redu{;ed pressure. 

Dyeing Properties. —With tin mordant, 
Persian berries give bright yellows and oranges 
which are only fairly fast to light, but, according 
to Hummel, the yellowish-olive produced with 
copper mordant is extremely fast and is darkened 
rather than otherwise by exposure. Perisan 
berries, as a rule, give redder shades than 
quercitron bark, a i'act which is to be explained 
as due to the hydrolysis of the glycosides by the 
ferment rhamninase, for the quercitrin of 
quercitron bark is not accompanied by such a 
spocilic. ferment, and consequently gives yellow^er 
shades. The action of rhamninase can be em¬ 
ployed to distinguish between the dyeing proper¬ 
ties of the glycosides contained in the berries 
and the free colouring matters produced by their 
hydrolysis. Thus, if Persian berries are added 
to a cold dyebath and this is slowdy heated to 
boiling the glycosides are hydrolysed by the 
ferment; but if the berries are plunged into 
boiling w'ater, the ferment is destroyed and a 
solution of the glycosides is obtained. In the 
former case wool mordanted with tin gives an 
orange-red shade, whereas in the latter a pure 
yellow is produced. 

Persian berries were formerly used to a con¬ 
siderable extent in calico-printing for the for¬ 
mation of yellow, orange, and green shades. 

E. J. C. 

PERSIMMON. An apple-like fruit said 
to have originated in China, and now grown in 
considerable quantities in both North and South 
America. Two principal species are distin¬ 
guished, the American, Diospyrus virginiana 
and the Japanese persimmon or Kaki, Z), kald 
or I), chinensis. 

The A mcrica?t. persimmon is somewhat smaller 
than the Asiatic varieties and, owing to its 
extremely astringent flavour, is allowed to 
become fully ripe before being eaten. 

According to Bigelow et al, (J. Amer. Chem. 
Soc. 1906, 28, 688), the fruit averaging 6-20 g. 
in weight has the following percentage com¬ 
position ; 


Solids. 

Pro¬ 

tein. 

Acids 

(as 

malic). 

Re¬ 

ducing 

sugars. 

Tan¬ 

nin. 

Fibre. 

Ash. 

27-3 

11 

0*6 

16-3 

21 

10 

0-7 


A mineral analysis of the fruit is given by 


Troop and Hadley (Indiana Agric. Exp. Sta. 
1896, Bull. 60): 


Percentage of total aBh. 



K 2 O. 

NaiO. 

CaO. 

MgO. 

Fe203. 

IMil]) . . 

Seed . 

67-1 

3S-6 

2-0 

0-8 

60 

6-9 

2-8 

7-1 

0-7 

1-2 



Percentage of total asli. 


Mn 203 . 

Pibj. 

SO 3 . 

SiOj. 

Cl. 

Pull) . . 

Seed . 

008 

010 

91 

13-7 

8-6 

10-8 

1-8 

206 

0 4 

01 


Analyses of the Japanese kaki show considerable 
variation but the following due to Gore (U.8. 
Dept. Agric. Bur. Chem. 1911, Bull. 141) is the 
mean of a number of samples : 


Solids, j 

Protein. 

Acids. 

Reducing 

sugars. 

Tannin. 

Ash. 

21-5 

0-6 

014 

15-5 

0-77 

05 


All varieties contain glucose, fructose, and 
sucrose as principal sugars. There are small 
proportions of pentosans and pectin. Astringent 
varieties contain relatively larger amounts of 
tannin wdiich, however, decrease during ripening, 
the associated physiological changes being a 
subject on which very divided opinions have 
been expressed {see Kumagai and Tazaki, J. 8ci. 
Agric. Soc. Japan, 1922, 236, 347, and Davis 
and Church, J. Agric. Res. 1931, 42, 165). 

Persimmons contain appreciable amounts of 
ascorbic acid, 30-50 mg. per 100 g. being 
reported. Leaves contain about ten times this 
quantity and yield a medicinal “ tea.” 

A. G. Po. 

PERUVIOL { V . Nerolidol, Vol. VIII, 
46Ui.). 

PERVITIN {V. '' METHEDRINEr Vol. VIII, 

4(L). 

PEST CONTROL. The total annual 
economic loss for which insect and other pests 
arc responsible is so colossal that, if it could bo 
computed with any degree of accuracy, its ex¬ 
pression in figures would convey little to the 
mind. It is a problem of great antiquity, as is 
evidenced by the story of the locust plagues of 
Egypt and the fact that Pliny gave a series of 
control measures against cereal diseases in 
A.D. 77, but it is only in relatively recent years 
that the problem has been approached 
scientifically. 

From the point of view of control, pests can 
most conveniently be described under the follow¬ 
ing arbitrary headings: 

Disease-carrying Arthropods. —Amongst 
the most important disease vectors are the 
mosquito {AmpheleSf JEdes segyptij carrying 
malaria; genera JEdes^ Mansonia, Psoropkota, 
and Wycomyia, Urban and Jungle Yellow Fever; 
JEdes segypti and A. albopictus, dengue; culicine, 
anopheline and a.‘dine species, filiariasis); the 
louse {Pediculm humanus, typhus group of 
, Rickettsial diseases and European relapsing 
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fever); the tiek [Ixodidse, spotted fever group of 
Rickettsial diseases; Oryiiihodorus hernis^i and 
turicata, IkS. and African relapsing fever); the 
mite {TromhicAila akamushi and dcUcnsis, tsut- 
sugamushi fever and scrub to phus); the flea 
{XenopsylUi chespis, plague); the sandfly, 
{Phhbotomus argentipisy major var. chinensis and 
sergentiy sandfly fever, Leishmaniasis); and the 
tsetse fly (Glosina palpaiis and morsitansy 
Trypanosmiasis). 

The most dangerous insect transmitters of 
human bacterial diseases in Great Britain arc 
the various species of carrion fly, through the 
intestinal canal of wliich are able to pass un¬ 
altered, within certain limits, most of the patlio- 
genic bacteria, fungi, and protozoa that infect 
man. 

It is impossible to assess the damage caust'd 
by any one of these arthropods, but some idea 
is gained from the fact that the world death-rate 
from mosquito-transmitted malaria has been i 
estimated as two million aniiuall 3 % that the 
20 ,000,000 hospitalisation cases per 3 'ear in 
India and the annual economic loss to the 
British Empire alone as a result of this disease 
is in excess of £50,000,000. 

Stored-food Pests. —The loss due to the 
depredations of insect pests on the world’s culti¬ 
vated crops alone, amounts to hundreds of 
millions of pounds sterling annually. 

The number and variety of these insects is so 
groat that it is impossible to record them in full 
here; for further details reference should be 
made to the numerous Ministry of Food publi¬ 
cations on the subject (H.M. Stationery Office), 
and A. Mallis, “ Handbook of Pest Control,” 
MacNair-Borland Co., 1945. 

Amongst the more common stored food pests 
are: Beetles (C'olevqdera); moths (Lepido- 
ptera); the rice weevil {ISiiophilas oryza) ; saw¬ 
toothed grain beetle {Oryzaiphilus surinamenals) ; 
Cadelle or bread beetle {Tembroides maure- 
ianicus); lesser grain borer {Rhizopertha 
dominica); tobacco beetle {Lassoderma servl- 
corne); the bean weevils {Acanthus celides 
objectus and callosobrucJms); dried fruit beetle 
{Carpophilus hernipterus); the flour beetles 
{Tribolium confusum and castaneum) ; the meal 
worms {Tenebrio molitor and obacurus); Mediter¬ 
ranean flour moth {Kphestra kuehniella); dried- 
fruit moth {Plodia mterpunctella); and the 
Angouraois grain moth {Sitroga corculella). 

Agricultural and Horticultural Insect 
Pests. —These, again, are so many and varied 
that it is impossible to list them in full here. 
Most insect orders have many representatives 
which have to be treated as agricultural, horti¬ 
cultural or forest pests, examples of which are 
as follows: 

Coleoptera, Colorado bettle, apple blossom 
weevil, wood borers. 

Diptera, onion and carrot flies. 

Hemiptera, leaf hoppers, chrysanthemum 
aphids. 

Hymenopteray wasps, pine saw flies. 

Lepidopteray codling moth, cabbage butterfly, 
spruce bud worm. 

Orthoptera, crickets, grasshoppers. 

Thysanoptera, onion and citrus thrips. 


In addition to the insect pests, there are the 
arachnids, typical of which are the red spider, 
citrus red mite, and the ticks. 

Household Insect Pests. —In Groat Britain, 
tile principal representatives of the group are: 
the house fly {Musca domestica); stable fly 
{Stomoxya cxdcitrans); and blow-fly (Calli- 
phoridix and Lvcilia); the roaches {Blaitidsc ); 
bedbugs {Cimex lectularius) ; the human fleas 
[Pulax irritans) ; the spiders {Theridia iepid- 
arrovum) ; the clothes moths, principal of which 
is the webbing clothes moth {TineoJxt, biselliella); 
wasps ( Vespulw); and ants, which, whilst not 
true household jx'sts, may become very annoying 
when they establish their nests in close juoximity 
to the house. 

Rodents.—The remarkable ability of the rat 
to adapt itself to every emvironment, its great 
fecundity, and its habitual cunning, have made 
it one of the most prolitic and harmful species of 
pest known. Rats arc extremely destructive in 
attacking farm sto(tk, feeding on stored grain, 
and gnawing hard substances to maintain their 
incisors at proper length, but these depredations 
are of minor importance compared with the 
havoc wrought by such diseases as the various 
forms of plague, bubonic, septicaemic, pneumonic, 
and sylvatic, and typhus, which the rat helps 
disseminate. 

The rodents best known to the pest controller 
are the brown rat {liattua norvegicus)y the black 
rat {Ratlus raitus)y and the house mouse {Mus 
vtusculus)y but hundreds of different species and 
sub- 8 i)ecies are encountered aU over the world, 
e.g.y the tree grey and red squirrels {Sciurua 
yrisens and S. douglaaii), pocket gophers (genus 
'fhomonys)y ground squirrels (genus Ertellus), 
moles (genus Scapamis)y muskrats {Ondatra 
zibethicajy and rabbits {geni Le.pus and Sylcilagus). 

METHODS OF PEST CONTROL. 

Insects. 

The control of injurious fl^dng and crawling 
pests, popularly termed insects, in the disease¬ 
carrying and agricultural categories, is usually 
c.ttempted by using one or more of the general 
methods based on (a) biological, ( 6 ) mechanical, 
or (c) chemical techniques. 

(a) Biological Control. 

This form of control, which is applicable 
mainly to the eradication of agricultural pests, 
may be defined as',the encouragement of beneficial 
organisms already existing in the locality and the 
introduction of new species of beneficial organ¬ 
isms to that locality. The principles involved 
are discussed in detail in H. L. Sweetman, “ The 
Biological Control of Insects,” Ithaca, New 
York, 1936, and typical examples are discussed 
below. 

With the higher animals, the scope of bio¬ 
logical control is limited entirely to the en¬ 
couragement of those which are beneficial 
because of their influence upon injurious 
organisms. Insectivorous birds are of consider¬ 
able importance in establishing the natural 
balance of insects, as is evidenced by the fact 
that it has been found in the United States that 
36 kinds of birds feed on the codling moth; in 
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some localities it being oatiinatcd that 60--85% 
of the hibomating larv« are destroyed by this 
means. 

Plant protection by means of predator insects 
has far greater scope, and whilst it is by no moans 
universally applicable, this method has been 
most successful in many instances. The classic 
example is the control of the fluted scale {Icerya 
purchasi) which, towards the end of the nine¬ 
teenth century, threatened the entire citrus 
industry of the Pacific coast of North America, 
by the introduction from Australia of its natural 
enemy, the ladybird beetle {Novim cardinalis). 

Whilst the method has been equally successful 
elsewhere, e.g.^ the control of the sugar cane 
froghopper by the Amazon fly in British Guiana, 
and the elimination of Promecothea reichi from 
Fijian coconut palm groves by the introduction 
of Pleurotropis parvuius from Java, it is often 
difficult to accomplish because of weather and 
feeding conditions, which are adverse to the 
introduced predator. 

The use of the surface-feeding minnow, 
Gambusia, to control Anoi)heline mosquito 
larvee, has met with considerable success under 
favourable conditions. A striking instance of 
its powers is recorded from thirty-two villages on 
the coast of New Ireland in Australia where 
Gambusia were introduced into all known 
Anopheline breeding grounds, and the spleen 
rate (index of malaria incidence) then compared 
with those of thirty-live other villages not so 
treated. 


Average spleen 
rates. 

Au«. * 
11)30. 

Fel). 

1931. 

(>et. 
1931. 

Julv 

1932. 

32 Gambusia 
treated vill¬ 
ages . 

35 untreated 
villages . 

24-6';o 

471% 

16-8% 

23 0% 

128 % 

24-7% 

4-2% 

28-8% 


Moreover, for the first time on record, there 
was an excess of human births over deaths in the 
treated villages. 

The use of parasitic fungi and bacteria has 
been examined extensively and their importance 
as factors in the natural control of insects has 
been the subject of frequent controversy. 
Whilst the former appears to be capable of useful 
application under limited conditions, the latter 
does not appear to have met with much success. 

(6) Mechanical Control. 

This form of control is best exemplified by 
citing its utilisation in mosquito and (later) 
rodent control. The essence of mechanical con¬ 
trol in the former case is “ water management ’* 
in the broadest sense, i.e., alterations to make 
it unsuitable for Anopheline breeding. Ano- 
phelines in general breed in clear water and 
different species show preference for varying 
degrees of stagnation or flow, or shade or sun¬ 
shine, or other factors such* as salinity. 

Detailed examples of the use of such methods 
are recorded in R. Svensson, “ A Handbook of 
Malaria Control,** London, 1940, the following 
examples being typical. 


Alteration of Salinity .—Mainly applicable in 
coastal regions, e.gr., the reclamation of land in 
the Zuyder Zee area of North Holland converted 
brackish dykes into fresh, thus causing the local 
malaria vector, A. rnaculipennist to be replaced 
by a non-malaria carrying typo. The draining 
of the Pontine marshes in Italy resulted in the 
almost total elimination of malaria locally. 
Conversely, the changing of a brackish marsh 
at Durazzo, Albania, into a salt water lagoon 
resulted in tlie elimination of the local carrier, 
A. elutiis. 

Alteration of Larx^al Food Supplies .—The 
periodic eYnptying and drying of sea-water fish 
ponds on the coast of Java eliminated the thick 
surface growth of green algae, which supported 
both A. sundaicus and fish, and promoted the 
bottom growing blue-green algae which provided 
neither shelter nor food for the larvae but 
abundant nourishment for the fish. 

Altercdion of Light and Shade .—The planting 
of suitable thick growing shrubs along the banks 
of narrow streams, and the en(?ouragement of a 
dense growth of vegetation in swamps, have met 
with great success in Assam and Ceylon against 
the sun-loving A. minimus and A. cuJitifacies. 

Regulation of Water Flow or Level .—This is 
accomplished either by irrigation, “ flushing ” 
of streams, damming of swamps unsuitable for 
draining, and the converting into fresh water 
lakes, or “ training ” of streams into new beds 
with elimination of stagnant pools; the latter 
method, in conjunction with “ oiling,” was the 
most regularly employed method of malaria 
control used up to the outbreak of the Second 
World War. Whilst expensive, it is, if properly 
applied, an eflective and efficient method of con¬ 
trol, outstanding examples of its successful 
application being the building of the Zambesi 
Bridge and the Singapore Naval Base, and the 
cutting of the Panama Canal, all in highly 
malarious regions. 

Other control methods, which may be classified 
as “ mechanical,” are the elimination of agri¬ 
cultural pests by hand picking, when labour is 
cheap, such as the hand collection by children 
of the larvae and adults of the large Cabbage 
White butterfly {Pieris brassicse)^ and the eradi¬ 
cation of the host plant when other methods of 
control are inappropriate. This latter method 
was successfully used in the eradication of the 
Mediterranean fruit-fly [Ceratitis capitata) from 
Florida in 1929 although it involved the destruc¬ 
tion of over half a million boxes of grape fruit 
and cost the Federal Government over 
$1,250,000. 

(c) Chemical Control. 

Chemicals utilised in the control of insects 
either in the larval, pupal or adult stages, are 
termed ” insecticides,” and have for many years 
been divided into two types, i.e., stomach or 
contact poisons, depending on whether they are 
absorbed by the insect by ingestion or solely by 
external contact. More recently, a third type, 
the fumigants, has become important. Stomach 
poisons and contact insecticides are separated on 
the basis of the feeding habits of the insects, the 
first being used against chewing insects and the 
latter against the sucking species. Fumjigants 
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act in the gaseous state through the respiratory 
system. 

Stomach Insecticides. 

These are usually compounds that are rela¬ 
tively insoluble in water and consequently un¬ 
able to penetrate plant tissues in amounts great 
enough to cause injury. In order to kill the 
insect, however, they must be soluble to a 
certain extent. The most widely used stomach 
insecticides are the arsenicals (Paris Green, the 
arsenites, and lead, calcium, and other inorganic 
arsenates) and fluorine compounds (fluorides, 
fluorosilicates, and fluoroaluminates). Paris 
Green (Schweinfurtcr Griin) is a micro-crystal¬ 
line powder, usually described as copper aceto- 
arsenite, for which the formula 

(CH3COO)2Cu,3Cu (As02)2 

proposed by Ehrmann in 1934 is usually ac¬ 
cepted. Provisionally used as a green pigment, 
it first came into use as an insecticide in 1867, 
when it w’as successfully employed against the j 
Colorado beetle in the eastern parts of tlie U.S.A. I 
It was applied as a dust, mixed with several 
parts of flour or ashes as extender. It was later 
used against the codling moth, a use which 
continued until 1900. Its principal use prior to 
the war was as a mosquito larvicidc, its use 
being limited mainly to surface-feeding Ano- 
phelline larva?; it was applied at the rate of 
1 lb. per acre to the water surface as a dust 
diluted with some inert substance to a strength 
of 2-5% for large areas and 1% for small areas. 
In s^)allow breeding places, aqueous suspensions 
of Paris Green have been found effective. 

Paris Green was originally made from ver¬ 
digris, and the older Paris Greens were conse¬ 
quently of varying composition. The methods 
of preparation are now fairly well standardised 
and the insecticides now produced contain at 
least 55% total arsenious oxide, at least 30% 
cuprous oxide, and at least 10% acetic acid, and 
have a definite degree of fineness and a limit to 
the water-soluble arsenic content. 

Arsenites. —Sodium, calcium, and zinc ar- 
senite have been used in the U.S.A. and Russia 
to a certain extent to control crickets, potato 
bettles, grasshoppers, and forest insects. Certain 
other arsenites have had some popularity, e.gr., 
Scheele^s Green (acid copper arsenite), was intro¬ 
duced as a substitute for Paris Green in 1875, 
whilst London Purple (crude calcium arsenite- 
arsenate mixture obtained as a by-product of 
magenta production) had a similar use for a 
short time. 

Arsenates. —In general, these are less active 
insecticides than are the arsenites, but they are 
more stable and consequently safer to use upon 
living plants. This safety factor is largely 
responsible for the recent tremendous increase 
in the use of calcium and lead arsenflttes, whilst 
the consumption of arsenites, including Paris 
Green, has remained static. Lead arsenate is 
the best known and most extensively used of 
all stomach poisons, its principal use being 
against codling moth in apple orchards. The 
annual American consumption in 1934 was esti¬ 
mated as being 20,000 tons. 


The lead arsenate most commonly used for in¬ 
secticidal purposes and described in America as 
“ acid ” arsenate, approximates in composition 
to PbH ASO4, and is made by the interaction of 
lead nitrate or acetate and disodium hydrogen 
arsenate. The chemistry of the lead arsenates 
has been studied in detail by McDonnell and 
Smith (J. Amer. Chem. Soc. 1916, 38, 2027, 
2366 ; 1917, 39, 937) and an adequate summary 
is given in H. Shepard, “ Chemistry and Toxi¬ 
cology of Insecticides,” Minneapolis, 1945. 

Calcium Arsenate .—Although the use of lead 
arsenates as insecticides has met with greater 
success, the lead ion appears to play no im¬ 
portant role, and the desire to replace it by a 
lighter and loss poisonous metallic radical, led 
to the development of calcium arsenates free 
from water soluble arsenic compounds. Its 
first recorded use on a large scale was in 1919, 
about 1,500 tons being used in controlling the 
cotton-boll weevil in the U.S.A. The estimated 
American consumption in 1934 was 15,000 tons 
per annum, as compared with 20,000 tons of lead 
arsenate, although it has never seriously com¬ 
peted with the latter in codhng moth control. 
Objections raised to its use are that it is more 
likely to cause arsenical injury, it appears to b() 
less effective than the lead salt and hydrolyses 
more readily, against which it has the advantage 
of being cheaper to make and transport, and 
there is loss risk of cumulative poisonous effects 
from its use. 

The chemistry of the calcium arsenates is in 
many ways similar to that of the lead salts. It 
was at one time thought that besides the dical¬ 
cium hydrogen arsenate, CaHAs04, there 
existed a definite tricalcium salt, Ca3(As04)2. 
Later work showed this to be unlikely and 
proved that, as with the lead arsenates, there is 
probably a continuous series of basic calcium 
arsenates. In contrast to the lead salts, dical¬ 
cium hydrogen arsenate is too soluble for safe 
application to foliage; the commercial calcium 
arsenates are therefore prepared to contain an 
excess of lime, and consequently consist of mix¬ 
tures of indefinite basic calcium arsenates and 
calcium hydroxide. The lead arsenates form 
admirable spray suspensions, but the dry salts 
do not reform the excellent suspensions given 
by the pastes. The basic calcium arsenates 
afford an excellent powder which finds important 
application as a dust, notably against the 
cotton-boll weevil. The lead arsenates are 
therefore of greater value as sprays, the calcium 
salts as dusts. 

Fluorine Compounds.— The earliest recorded 
use of fluorine compounds for insect control is 
in B.P. 8236 dated 1896. Although not con¬ 
sidered in plant protection for many years, 
sodium fluoride gradually came into use as a 
roach poison. As it is moderately soluble in 
water, the risk of phytocidal action and rapid 
removal by rain, prohibits its use on foliage. 
For this reason the silicofluorides and alumino- 
flqorides have tended to take its place, but the 
use of inorganic fluoro-compounds as insecticides 
has been arrested by the discovery that, although 
they do not have the acute toxicity to warm 
blooded animals of the arsenicals, they have 
serious deleterious effects in that slight traces in 
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drinking water have been proved to produce 
mottling of the teeth. 

Miscellaneous Stomach Insecticides.— 
Of the many and varied compounds tested in an 
endeavour to find an effective stomach poison 
of low toxicity to warm blooded animals, few 
have successfully passed the laboratory stage. 
The following have all shown promise, but with 
few exceptions have not scon full-scale use, 
usually be(!au 8 e of expense, phytocidal activity 
or instability: the ground rhizome of White 
Hellebore, lead chromate, cuprous thiocyanate, 
Keinecke’s salt, alkyl and aryl phosphonium 
salts, and triphenyl phosphine. 

Limited, but definite, uses have been found for 
cuprous cyanide (as a mosquito larvicidc), 
diiiitro-o-crcsol (2:4-dinitro-6-methylphenol) (as 
an ovicide), phenothiazino (thiodiphenylamine 
or dibenzo-l:4-thiazine) and the explosive sul¬ 
phur nitride S 4 N 4 . 


Contact Insecticides, 

Prior to the recent discovery of the stable 
organic insecticides, D.D.T., Gammexano, and 
1068, the plant derivatives, nicotine, pyrethrum, 
and rotenone were the most extensively used 
in 8 ecticid(J 8 in this category. These, together 
with the sulphur and copper compounds and the 
hydrocarbon oils covered a wide field of require¬ 
ments. 

Nicotine {v. Vol. VIII, 477c) is an alkaloid, 
which when pure is a mobile, colourless liquid, 
boiling at 247^0. On ageing, it turns brown and 
becomes more viscous. It is water soluble, has 
a disagreeable odour, is apijreciably volatile, and 
may be steam distilled. It ^)pears on the 
market both in the free state and as the sul¬ 
phate, sold under the name “ Black Leaf 40 ” 
containing 40% of the base. 

Nicotine is used mostly as a contact spray for 
the control of soft-bodied insects such as plant 
lice and codling moth. A bibliography on the 
insecticidal use of nicotine and tobacco has been 
published by Meindoo et al, (U.S. Department 
of Agriculture, E-392, 1930). Nicotine is toxic 
to man, the median lethal dose being about 
40 mg. 

The base itself acts principally as a fumigant, 
the active agent apparently being nicotine 
vapour which passes into the tracheae of the 
insects and paralyses the nervous system. That 
its greater volatility is not the only factor 
responsible for the high toxicity of nicotine com¬ 
pared with that of its salts, is evidenced by the 
fact that in solution the base is 6-7 times as toxic 
to mosquito larvae as the sulphate or hydro¬ 
chloride. 

The need for a non-residual substitute for lead 
arsenate in codling moth control has prompted 
research on the use of nicotine and its salts as a 
semi-permanent stomach poison. For this pur¬ 
pose, volatility is a disadvantage and nicotine 
has been “ fixed,’’ either by absorbing it on 
bentonite or peat or ysing it in the form of 
its tannate. The use of penetrants in nicotine 
sprays is beneficial, and of those suggested for 
use,’ soap is most frequently emplo;^, as not 
only is it an efficient spreading and penetrating 
agent, but it also has insecticidal properties 
Vol. IX.—20 


itself. The use of soaps derived from nicotine 
itself as a base does not appear to have found 
practical utilisation. Dusts, prepared by the 
adsorj)tion of nicotine or its sulphate upon finely 
divided carriers, have been used since 1917. 
Inert carriers such as gypsum or sulphur are to 
be preferred to “ colloidal ” vehicles such as 
kaolin, kieselguhr, or talc. These have replaced 
the tobacco dusts previously used. 

Compounds Related to Nicotine ,—A consider¬ 
able number of compounds, related to nicotine 
in structure, have been examined in an en¬ 
deavour to find a synthetic substitute and also 
in an attempt to determine the cause of the high 
toxicity of nicotine. Whilst pyridine and pyr¬ 
role were found by Tattersfield and Gimingham 
(Ann, Appl. Biol. 1927, 14, 217) to be less toxic; 
than their hydrogenated products, piperidine 
and pyrrolidine, the component niiclei of nico¬ 
tine, none of these four compounds approached 
nicotine in insecticidal activity. Richardson 
and Shepard (J. Agric. Res. 1930, 40, 1007) 
tested a number of pyridine and pyrrolidine 
derivatives as contact sprays against Aphis 
runiciSy and although all the compounds 
examined were toxic, only those the structure of 
w'hich closely approached that of nicotine had 
comparable insoc^ticidal value, viz.: 



]^iicotyrine, 0 004. 



Metanicotine, 0 003. 



Ethyl-o-0-pyridyl)otliylainme, 0 03. 



Methyl-a-O-pyridyfibutylainine, <0-5. 
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Methyl-a-phcnyllmtylaminc, 0-5. 


R=CH2:CH'CH:CH-CH2—) and cinerolone 
(III; R-CHa-CHiCH CHa—). 


CHCO2H 

HCH:CMe2 

I. 


The numbers refer to the concentration required 
to kill 50% of an aphid population under defined 
conditions of test. Tattersfield and Gimingham 
(/.c.), JMacht and Davis (J. Pharin. Exp. Thor. 
1934, 50, 93), Smith et al. (J. Econ. Entomol. 
1930, 23, 8G3), and Hixon and Johns (J. Amer. 
Cheni. Soc. 1927, 49, 1780) have studied the 
toxicity of nicotine, pyridine, piperidine, and 
comparable compounds. 

Py rethrum.—Pyrethrum has been import¬ 
ant commercially longer than most insecticides, 
the first reported manufacture on a largo scale 
being that of the Armenian, Jurntikoff, in 1828. 
Pyrethrum is a subdivision of the genus chrys- 
arhihemvm in the family Compositse, and to-day 
is mainly derived from C. cinerarls^folium Trev, 
the main producing areas being Dalmatia, Japan, 
and Kenya, although Brazil started producing in 
quantity in 1938. 

Formerly, pyrethrum was applied in dust form ' 
obtained by straight grin^ling of the dried! 
flowers, and although it is still used to a certain | 
extent in this way against roaches, bedbugs, and 
similar pests, its main outlet now is in solution 
as household, or horticultural, ^rays. h^or this 
latter purpose, importation into America in 
1938 amounted to 6,000 tons. The solvents 
normally employed for extraction of the flowers 
are kerosene for the dilute household sprays and 
chlorinated hydrocarbons for the production of 
the more concentrated types. 

Drying under controlled conditions does not 
greatly reduce the pyrethrin content of pyre¬ 
thrum flow’ers, although pyrethrum powders 
and dusts exposed in thin layers to air and sun¬ 
light rapidly lose activity duo to oxidation. The 
addition of such anti-oxidants as resorcinol and 
pyrogallol retards such loss of activity. 

Pyrethrum acts with startling rapidity upon 
the insect and in the case of Musca dortiestica^ 
Richardson (J. Econ. Entomol. 1931, 24, 1098) 
was able to use the speed of paralytic action as 
a measure of toxicity of pyrethrum extracts. 
Death is believed to be caused by the destruc¬ 
tion of the cells of the central nervous system. 
It is not a stomach poison and is non-toxic to 
warm-blooded animals. 

The nature of the active principle has been 
investigated by Staudinger et al. (Helv. Cliim. 
Acta, 1924, 7, 177, 201, 212, 236, 246, 377, 390, 
406, 442,448), by West (J.C.S. 1944, 61, 239, 
642), and by Haller and La Forge and co-workers 
(J. Amor. Chem. Soc. 1936, 68, 1061, 1777; 
J. Org. Chem. 1938, 2, 646 ; 1944, 9, 242; 1946, 
10, 106, 222; J. Amer. Chem. Soc. 1947, 69, 186, 
979), and has been shown to consist of two types 
of esters, Pyrethrins I and II. The acid portions 
of these esters are the cj/eZopropane compounds 
(I) and (II), respectively, but the alcohol portions 
are not homogeneous, and appear in each case to 
consist of a mixture of pyrethrolone (III; 


CHCO 2H 

MejC^^Ll^CHCHrCMeCOjMe 

II. 

CMe 

HOCH 

cHj—do 

itr. 

Methods of chemical assay, wdiich include the 
Staudinger and Harder (1927) “ acid method,” 
modified by Tattersfield el al. (1929, 1931) and 
Seil (1934), the ” methoxyl method ” of Haller 
and Acree (1935), the ” copper reduction 
method ” of Gnadinger and Cove (1929), and 
Wilcoxon’s “ mercury reduction method ” 
(1936) arc compared and criticised by Martin 
(J. Agric. Sci. 1938, 28, 466). Whilst chemical 
methods were still inadeejuato for testing pur¬ 
poses, many biological methods were proposed, 
the most important being the Peet-Grady 
chamber method (J. Econ. Entomol. 1928, 21, 
612) involving the spraying of adult houseflies 
with petroleum-base pyrethrum preparations. 

Pyrethrin 11 has a more rapid paralytic action 
(Iviiockdowm) but a lower insecticidal efloct than 
Pyrethrin I in general, although the relative 
toxicity of the two pyrethrins has been shown 
to depend upon the physical condition in which 
they are applied. 

Rotenone and Related Compounds {v. 
Vol. Ill, 6696; VII, 144d).—Rotenone is a 
poisonous plant principle occurring in certain 
leguminous plants, especially in the roots, and 
was used as a fish and aiTow poison long before 
its use as an insecticide w'as first suggested by 
Oxley in 1848. 

Derria elliptica and D, malaccensis cultivated 
in British Malaya and the Dutch East Indies, 
were, until recently, the most important sources 
of rotenone compounds, 700 tons of crude derris 
root being produced from these areas in 1938. 
South American sources of rotenone and related 
extractives have been developed recently, 
chiefly the cub6 of Peru, and the timbo of Brazil, 
U.S. imports totalling over 1,000 tons in 1938. 
These are roots of plants of the genus Lomho- 
carpus, principally L. utiles and L> urucu, which 
contain up to 10% rotenone and 20% total 
extractives. 

Rotenone, C23H22OQ, is extracted from the 
finely ground roots by means of ether, chloro¬ 
form or carbon tetrachloride, and when pure 
has m.p. 163°c. Its molecular structure was 
determined almost simultaneously by Haller 
and La Forge (J. Amer. Chem. Soc. 1932, 64, 
810), Robertson (J.C.S. 1932, 1380), Takei et al. 
(Ber. 1932, 65 [B], 1041), and Butenandt and 
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McCartney (Annalen, 1932, 494, 17). Deguelin, 
tepbrosin, toxicarol, and snraatrol, which are 
closely related in structure but less toxic, also 
occur naturally with or in place of rotenone 
and are similarly obtained by extraction {v. 
Vol. Ill, 659). 


OMe 



Most methods developed for the estimation 
of rotenone [cj. Graham, J. Assoc. OIF. Agric. 
Chern. 19119, 22, 408) involve extraction and 
ciystallisation after removal of the crystallisa¬ 
tion inhibitor, toxicol, and are modifications of 
the method developed by Jones (Ind. Eng. Chem. 
1 Anal.], 1933,5, 23). Colorimetric methods have 
been suggested (Grose and Smith, J. Assoc. Off. 
Agric. Chem. 1034, 17, 330; Goodhue, ibid. 
1930, 19, 118) to which both rotenone and 
deguelin react, and chemical methods depending 
\ipon the determination of the “ dehydro ” 
derivatives. Tattersfield (Ann. Appl. Biol. 
19.39, 26, 305) has reviewed the biological 
iiK'-thods of assessment. Although these methods 
liave, in general, proved inadequate, determina¬ 
tion of the rotenone content by crystallisation, 
t ogether with an assessment of the total extrae- 
tiv(‘s, has survived in commercial practice. 

The solubility of rotenone in a number of sol¬ 
vents has been determined by Jones and Smith 
(J. Amer. Chem. Soc. 1930, 52, 2554): 


Solubility of Rotenone in Vabious 
Solve NT.S at 20''c. 


Solvent. 

G. per 100 ml. 
of solution. 

Chloroform. 

47*2 

Ethylene dichloride 

331 

Trichloroethylene .... 

16-6 . 

Chlorobenzene ..... 

13-6 

Ethylene chlorohydriii 

11*4 

Benzene . 

80 

aj8-l)ichloroethyl ether 

7-5 

Acetone. 

6-6 

Toluene. 

6*4 

w-Propyl formate .... 

60 

Ethyl acetate. 

4-8 

Xylene. 

3-4 

Acetic acid. 

2-4 

Amyl acetate. 

1-6 

Carbon disulphide .... 

1-6 

‘Carbon tetrachloride . 

0-6 

Diethyl ether. 

0-4 

Ethyl alcohol . . . *. 

0-2 

Methyl alcohol. 

0*2 


Derrirf and Lonchocarpus are used mainly 
against agricultural and horticultural pests in 


the form of dusting powders, aqueous suspen¬ 
sions, and extracts. The strength of the dust 
depends upon the pest to be controlled, but 
usually varies between 0*5 and 1-0% of derris 
extract. Impregnated dusts are used exten¬ 
sively in the U.S.A. The aqueous suspensions 
are made up from finely ground root mixed with 
a spreading agent ready for the addition of 
water. Extracts are usually marketed in an 
organic solvent such as pine oil, together with a 
dispersing agent. 

Although nicotine, pyrethrum, and rotenone 
compete with each other to some extent, they 
should really be regarded as complementary, as 
in many cases they are specific in action. In 
general, nicotine acts quickly and little recovery 
ensues; pyrethrum also acts rapidly hut con¬ 
siderable recovery often takes place; rotenone 
acts slowly but without much recovery even 
at low concentrations. 

The M.L.D. for rotenone has been determined 
by oral, subcutaneous, intramuscular, intra¬ 
venous, and intraperitoneal administration to a 
number of warm-blooded animals (c/. Haag, 
1937), from which it is deduced that 0-5G-2'l g. 
of derris might he taken daily by a 70 kg. man 
without serious injury. 

Rotenone, hke pyrethrum, loses its activity by 
exposiire to the air. 

I Hydrocarbon and Other Oils.—Saturated, 

! unsaturated, and aromatic hydrocarbon oils all 
find use as spray materials, as also do vegetable 
and animal oils and coal tars and their deriva¬ 
tives. Rhytocidal factors limit the type of 
hydrocarbon oil, suitable for appheation to 
foliage, to oils of high percentage unsulphonatod 
residue and of not too high viscosity. 

Eirst mention of the use of petroleum oils as 
insecticides was as early as 1787, but it was not 
until 1805 that a petroleum distillate, kerosene, 
was first used against scale insects on orange 
trees. As a dormant and a summer spray, crude 
petroleum oils have been used in emulsion form. 
The variability in properties of 8U(;h oils and 
frequent damage to plants led to their replace¬ 
ment by refined oils. Kerosene as normally 
prepared is composed mainly of paraffin hydro¬ 
carbons with from 10 to 16 carbon atoms, and 
although it has been used as a spray in emulsion 
form, it is most widely employed as a solvent for 
pyrethrins. As an agricultural insecticide it has 
been largely replaced by more viscous, less 
volatile oils; of these the “ light ” oils of 
viscosity between 40 and 60 sec. Say holt 
have been used in emulsion form for summer 
spraying in the U.S.A. and the medium ” oils 
(65 to 85 sec. Saybolt) for winter. These oils are 
highly refined and are almost entirely made up 
of saturated hydrocarbons with 14-18 carl)on 
atoms. In general, insecticidal efficiency in¬ 
creases with the boiling range of the oil. Ileavy 
oils, having a viscosity greater than 86 sec. 
Saybolt, are used principally as dormant sprays 
and for this purpose need not be so highly 
refined. Those are also applied as emulsions 
and their toxicity is sometimes increased by the 
addition of more active insecticides. 

For application to foliage, oils, besides having 
the correct boiling or viscosity range, should be 
capable of forming an emulsion of stability 
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sujfficient to enable a spray of uniform oil con¬ 
centration to be applied but, at the same time, 
to be sufficiently easily broken to produce an oil 
deposit of maximum insecticddal power. 

For dormant washes against insects or eggs 
known to be susceptible to a “ stifling ” action, 
the oil should have a high saturated hydrocarbon 
and low phenol content. A high aromatic hydro¬ 
carbon content favours chemical toxic, rather 
than physical stifling, action. Vegetable oils 
are not frequently used as insecticides because 
of the ready availability of the (dieaper and more 
effective petroleum and tar oils. They have, 
however, limited uses as ovicides, rapeseed oil 
being the best of those j^^et examined. The fatty 
acids from these oils are insecticidal, the most 
toxic being those containing 10-12 carbon 
atoms. They are rarely used, however, partly 
on account of their high cost and partly because 
of their phytocidal action. 

The soaps aLso have insc(;ticidal properties, in 
general of the same order of magnitude as the 
component fatty acid. They have been studied 
in detail in an endeavour to determine the 
relationship between chemical constitution and 
toxicity, but have found little use in practice. 

The use of coal-tar oils is a recent innovation, 
being first employed in 1920. They make 
excellent dormant sprays and their use for this 
purpose spread rapidly, particularly in Europe. 
The most important for insecticidal purposes are 
the creosote oils of boiling range between about 
180® and the pitching point 300-400®c., and the 
anthracene or green oils of boiling range between 
about 270° and the pitching point. The pre¬ 
dominant hydrocarbons in these oils are 
aromatic. 

Sulphur and Copper Compounds. —Sul¬ 
phur and a number of its inorganic compounds 
function as insecticides, acaricides, and fungi¬ 
cides, and although used first as insecticides, 
now find greatest use for the other purposes. 
About 230,000 tons of sulphur were used for 
these purposes in 1938, of which about one-fifth 
was used in France and over a quarter in Ital}^ 
whereas the U.S.A. consumed about 20,000 tons 
for dusting purposes and 10,000 tons in the 
manufacture of lime-sulphur preparations. 

By far the greatest part of the sulphur used for 
insecticidal and acaricidal purposes is in its 
natural state, either alone or mixed with other 
materials. For dust application, flowers of sul¬ 
phur, produced by sublimation, or the finely 
ground material, is employed. The tendency to 
aggregate is frequently overcome by the addition 
of a small amount of inert material such as 
kaolin, carbon black, lead arsenate, or zinc 
oxide. For spray application, a wetting agent 
is added to the finely divided sulphur, soap 
frequently being used for the purpose, although 
alkaline supplements such as lime and sodium 
caseinate result in greater efficiency under cer¬ 
tain conditions. 

One of the most important groups of sulphur 
compounds used for insecticidal and fungicidal 
purposes includes the alkali polysulphides, 
usually marketed in the form of lime-sulphur, 
Liver of Sulphur, and ammonium poly sulphide. 

Lime-sulphur is the product obtained by 
boiling nulk of lime (an aqueous suspension of 


calcium hydroxide) with sulphur. A prepara¬ 
tion having a specific gravity of not less than 
1*283 is taken as standard. Much has been 
written about the chemistry of lime-sulphur, 
but the concensus of opinion now favours the 
formation of a mixture of calcium polysulphide 
and thiosulphate according to the reactions : 

3S -1 SHgO 2 H 2 S + H 2 SO 3 

CaOjSj CaOjS 

2CnS,Sj; CUS2O3 

When diluted with water and exposed to air, the 
polysulphidos are first hydrolysed to a slight 
extent, liberating hydi-ogcm sulphide and giving 
the lime-sulphur an alkaline reaction. Later, 
oxidation results in the formatifui of calcium 
thiosulphate and free sulphur, whilst the carbon 
dioxide of the air rea(‘ts to form c-alcium car¬ 
bonate, hydrogen sulphide, and free sulphur. 

The net result is that, after sj)raying on foliage, 
the greator part of the polysulphide sulphur is 
precipitated as free sulphur, the inonosulphide 
sulphur is lost as hydrogen sulphide and the 
thiosulphate, being water soluble, is lost. The 
calcium carbonate, together with any ('alcium 
sulphate which may be present, will remain 
with the sulphur upon the plant surface. 

The insecticidal and fungicidal acitivities of 
lime-sulphur appear to depend solely upon its 
polysulphide content. Ferrous sulphate is some¬ 
times used as a spreader, but soaps and (uilcium 
caseinate are useless. The use of sulphur sprays 
followed by hydrocarbon oil loads to severe plant 
injury, but as a dormant spray, the combinat ion 
I is safe under certain conditions. 

Liver of Sulphur (obtained by the fusion of an 
alkali carbonate and sulphur), ammonium poly¬ 
sulphide, and calcium monosulphide have found 
limited use as a substitute for linie-sulpliur, 
where the disfiguring dtjposits are to be avoided. 

The copper-containing sprays and dusts for 
plant protection are even more (confined to 
fungicidal problems than the sulphur com¬ 
pounds and will not bo detailed here. Chief 
amongst these is the so-called Bordeaux mix¬ 
ture, consisting of a mixture of copper sulphate 
and quicklime in water. A detailed description 
of this and other (topper fungicides is given in 
H. Martin, “ The Scientific Principles of Plant 
Protection,” Arnold & Co., London, 1944. 

Synthetic Organic Contact Insecticides. 
—Prior to the pioneering investigations of 
Tattersfiold and his colleagues from 1925 on¬ 
wards on the relationship between chemical 
constitution and insecticidal activity, the dis¬ 
covery of now insecticides was usually empirical. 
It is to synthetic, rather than to plant, products, 
however, that attention is now being given in 
the search for better contact insecticides, the Far 
Eastern needs of the Second World War giving a 
great impetus to investigations in this direction. 

Dinitrophenols .—Tattersfield et al. (Ann. Appl.* 
Biol. 1925, 12, 218; J. Agric. Sci. 1927, 17, 162, 
181) found little difference in the toxic values 
of phenol and the three cresols towards the eggs 
of the Purple Thom moth, but observed a 
marked increase in toxicity with the addition of 
nitro groups, the best results being obtaihed with 
3:6-dmitro-o-cre8ol (DNC). Field tests showed 
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that although it had phytocidal action and a low 
solubility in hydrocitrrbon oils, it was an efficient 
ovicide in dormant sprays. In an endeavour to 
overcome the handicap of low solubility, Kagy 
and Richardson (J. Econ. Entornol. 1936, 29, 
52) surveyed reflated phenols and found that 2:4- 
dinitro-6-c?/riohexylphonol possessed the neces¬ 
sary toxicity and solubility. 

Organic Sulphur Comp(yuvds .—]\lurphy and 
Poet {ibid. 1932, 25, 123) first suggested the use 
of organic thiocyanates, having found them 
highly toxic to aphids. Compounded products 
of this type have been patented (U.S.P. 1808893) 
and marketed under the name “ Letlmney' the 
principal active constituents being )3-biitoxy-j8'- 
thiocyanodiethyl ether and )3-thiocyanocthyl 
laurate. Lauryl and butyl “ carhitol ” thio¬ 
cyanate and fenchyl or bornyl thiocyanoacetates 
(“ Thajiite ”) are also active ingredients of 
proprietary winter washes. P^ew other syn¬ 
thetic organic sulphur compounds have found 
commercial application although the use of 
metal xanthatca and thiuram sulphides has been 
patented. 

At)iinc>^ and Related Compounds .—The early 
work of Tattersficld and Giniingham (1927) led 
Kearns and Pdint (J. lilcon. Entornol. 1937, 30, 
158) to the discovery of N-amyl-N-benzylcycZo- 
hexylamine, which is just as toxic P) aphids and 
rod spiders but leas phytocidal than the N-amyl- 
N-benzoyl derivative. 

D.D.T., 2:2 - (pp' - dichlorodiphenyl) - 
1:1 ;1 -trichloroethane, {/>-CIC(jH,,) 2 CHCCl 3 . 

■—Although first prepared in 1874 (Zeidler, Bcr. 
1874, 7, llSl), the insecticidal })roperties of 
D.D.T. were not realised until 193()“37 when 
J. R. Oeigy, S.A. of Ibisle, found that it was 
toxic to bugs and subsequently used it to check 
a plague of Colorado beetle, ddu* work of the 
Swiss investigators, leading to the discovery of 
the insecticidnl properties of D.D.T. (Lauger 
ei at., Helv. Chim. Acta, 1944, 27, 71, 892) began 
witli the search for a moth-]m)oling agent. Its 
Hubse(|uent rapid dev clopiiKuit as the result of the 
collaborative investigations of British, Dominion, | 
and American scientists is one of the epics of 
the Second World War. An idea of the magni¬ 
tude and extent of these war-time investigations 
and uses can be gathered from the fact that the 
combined potential annual British and American 
output rose from zero to approaching 20,000 tons 
in under two years, and that at one time it was 
estimated that over 300 scientists were engaged 
in the development of America’s war-time D.D.T. 
uses. Much of the war-time work has yet to bo 
published, but a useful summary of the position 
in 1946 is to be found in “ Some Properties and 
Applications of D.D.T.,” London, H.M. Station¬ 
ery Office, whilst a comprehensive survey of 
published work is made in T. E. West and G. A. 
Campbell, “ D.D.T. the Synthetic Insecticide,” 
Chapman and Hall. 

D.D.T. is made commercially by variants of 
the process used by Zeidler, i.e., by the inter¬ 
action of chlorobenzene and chloral or chloral 
hydrate in the presence of sulphuric acid. 
Technical D.D.T. is usually a waxy soUd con¬ 
taining between 65 and 80% of pure D.D.T.; 
the specification for service use in Britain 
required a setting point of 89°, equivalent to a 


pure D.D.T. content of not less than 70%. 
When pure, it is a stable white crystalline solid, 
m.p. 108-5-109°, unaffected by exposure to either 
sunlight, air or water. It is inappreciably 
volatile at normal temperatures and its solubility 
in water is less than 0-2 parts per million. It is 
least soluble in hydroxylic and polar solvents 
and most soluble in aromatic and chlorinated 


hydrocarbons: 

Tabt.e I. 



Solubility, 

Solvent. 

K. D.D.T. 
per 100 ml. 


solvent, at 
27-30"c. 

r;/c/oHexanoiie. 

100-120 

Dioxan. 

91-100 

Methylene chloride. 

84-91 

Jienz4inr). 

77-83 

I’ricliloroethvlcne. 

72-83 

“ Koppers Solvent ISO. 327 ” ^ 

63-71 

Anisole. 

63-71 

Ac(‘tophenone. 

63-71 

o-l)ichlorobenzenc. 

6.3-71 

T(‘tiahydronai)hthaleiie .... 

63-71 

Ethyl benzoate. 

56-62 

“ Velsicol Ali-QO ”2. 

56-62 

Xylene. 

56 62 

.Acetone. 

50-55 

Methyl i.whutyl k(4()iie .... 

46-50 

Carbon tetrachloride. 

46-48 

1 'ctrachlorocthvh‘ne. 

42-45 

honzyl benzoate. 

39-41 

Amyl ac<‘tate. 

30-41 

2-Nitr()propane. 

34-40 

I)iethyh*ne glycol inonobntyl acetate 
(Butyl earbitol acetate) .... 

34- 35 

Dimctbvl phthalate. 

31-33 

Dibiityl phthalate . . . . . 

31-33 

Arocfilor ]24S ” ^ . 

20 33 

Nitroethane. 

20-33 

Indalono. 

29-33 

Ether . 

27-28 

Medium kerosene extract 4. ... 

28 

'retrahydrofurfuryl alcohol 

18-20 

Ethylene glycol moiioethyl ( ther . 

17-18 

Ethylene glycol moiioethyl other 
phthalate. 

ca. 16 

Diacetone alcohol. 

ca. 15 

Pine oil (Hercules “ Yarmor ” 302) . 

ca. 15 

Butyl stearate. 

ca. 13 

Diothylene glycol monoethyl ether 

ca. 12 

Sesame oil. 

crt. 10 

Fuel oil No. 2. 

ca. 10 

Benzyl alcohol. 

ca. 10 

Ethylene glycol moiiophenyl ether 

ca. 10 

Coconut oil. 

ca. 9 

Cottonseed oil. 

ca. 9 

Stoddard Solvent White ^ • ... 

ca. 9 

Kerosene crude. 

ca. 8 

Fuel oil No. 1. 

ca. 8 

Oleic acid. 

ca. 8 

Castor oil. 

ca. 7 

B]thyl alcohol (absolute) .... 

ca. 6-7 

Dii)ropylenc glycol. 

ca. 5 

Light petroleum (100-120^0.) . 
Kerosene, refined (“ Deobase ”) 

ca. 5 

ca. 4 

fsoPropvl alcohol. 

ca. 2-5 

2-Ethylhexanediol 1:3 C‘Rutger*s 

612”). 

ca. 2'5 

Ethyl alcohol 95%. 

'rriethanolainine. 

ca. 1-5 

< 1*5 

Propylene glycol. 

< 1-5 

Difluoro dichloromethanc (” Freon ”) 
(under pressure at 30'’c.) 

< 2-0* 

Methyl chloride (under pressure at 
30°c. 

60-70* 


* G. per 100 g. of solvent. 

1 Coal-tar hydrocarbons boiling range 230-270'’c. 

2 Poly alkylated naphthalenes. 

3 Chlorinated diphenyl. 

* Ex Assam Oil Co. 

5 llefined petroleum hydrocarbon used in dry-clean¬ 
ing industry. 
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Table II. 


Solvent, 

Solubility, g. 
D.D.T. per 100 
ml. solvent, at 
2.i-29“c. 

] :2-Propylene oxide 

170 

Tetrahydrofuran .... 

105 

eyeZoHexanone. 

100 

Dimethylformamido 

100 

Methyl ethyl ketone 

100 

woPhorone. 

100 

Mesityl oxide. 

100 

Dioxan. 

90 

P3rridine. 

90 

Methvl acetate. 

87 

1 -Methylnaphthalcne . 

65* 

Quinoline. 

60 

Table III. 


Solubility, g. 

Solvent. 

D.D.T. per 100 


ml. solvent, at 


20^0. 

“ Nineties ” toluene 

42 

Toluene. 

41 

Benzene. 

40 

Motor benzole. 

39*5 

Wood turpentine .... 

11 

Table IV.— Weiout per cent. 

Solubilities. 


Solvent. 


Temperature °c. 



0 

7-2 

24() 

45*0 

48*0 

Acetone . 

21*2 

27-3 

40*3 

_ 

690 

Benzene . 

6-8 

27*1 

440 

— 

57-8 

Carbon tetra¬ 

chloride . 

9*0 

10-5 

18-0 

34-8 


Chloroform 

18'2 

21-9 

31-0 

47-4 

— 

Dioxan . 

8*0 

29 0 

460 

— 

61*0 

Ether . . . j 

150 

18-9 

27*5 

— 

— 

Alcohol (95%) . 

0-8 

10 

2-2 

— 

3*9 

Light petroleum 
(SO-OO^O.). . 1 

1*7 

2*4 

4*8 

_ 

_ 

Pyridine . . j 

1 

21 0 

1 

360 

510 


620 


D.D.T. is highly toxic to most arthropods but 
much less so to mammals. It is toxic both by 
ingestion and contact, but is relatively slow- 
acting and does not possess the required “ knock¬ 
down ” effect of pyrethrum. It is neither repel¬ 
lent nor ovicidal, but in some cases, e.g., mos¬ 
quitoes, it attacks the larval stage. Its out¬ 
standing virtue is its pronounced “ residual 
effect ” unequalled by other insecticides. 
Deposited on surfaces, whether as a dust, as an 
oil solution or as an emulsion, it retains for 
several weeks its lethal effect on insects coming 
into contact with it. 

So far, most effort in the application of 
D.D.T. has been devoted to the control of the 
disease vectors, mosquito, fly, and louse. Its 
use with domestic st^ock and agricultural pests 
has been less completely studied; the data 
already obtained in this field, however, is 


adequately summarised in H.M. Stationery 
Office’s publication, “ Some Properties and 
Applications of D.D.T.” For direct attack 
against adult flying mosquitoes, aerosols and 
fine mists are employed. Spraying for residual 
effect is, however, more general. Spray from 
the air for this purpose is usually applied at the 
rate of 0*2 lb. D.D.T. per acre (2 quarts of 5% 
solution, usually kerosene, per acre, or its equi¬ 
valent). Oround sjjray, however, is now con¬ 
sidered more effective, and usually consists of 
spraying the walls and ceilings of houses, barns, 
etc., at dosages of 50 mg. D.D.T. per sq. ft. 

The period of control effected by residual 
spraying from the air varies according to climatic 
conditions and terrain, but 1-2 weeks’ effective 
control only is normally obtained. The efficiency 
of residual spraying of house interiors again 
depends upon such factors as dosage, the type 
of surface sprayed, and temperature, but at least 
8 weeks of effective control is obtained and in 
temperate climates much more. Aeroplane 
spraying at the rate of ()• 1-0*2 lb. D.D.T. per 
acre has also been successfully applied to the 
treatment of large areas of water. The duration 
of control is variable, depending to a certain 
extent upon the amount and type of vegetation 
present and also upon the wind; it is rarely 
longer than 4-7 days. Larval control by this 
means is usually effected by means of oil or 
petroleum distillate solutions, sometimes with 
oleic acid as a spreader; emulsions are not 
recommended in the main, as there is a greater 
risk of killing fish when they are used. 

Whilst a combination of all or some of these 
methods may be necessary in mosquito control, 
all the evidence points to the regular residual 
spraying of dwellings and other buildings as 
being the most effective single method of control. 
This method has also proved effective against 
house and stable flies, bedbugs, and ants; for 
rapid knockdown of the former a small amount 
of pyrethrum is usually added. 

The role played by D.D.T. in the control of 
the typhus epidemic in Naples in early 1944 is 
now well known, and considerable experience 
has since been gained in the control of the disease 
vector, the body louse {Pediculus humanus) with 
D.D.T. oz. of 10% D.D.T. dust applied to 
clothing remains effective for 2-3 weeks pro¬ 
vided the clothing is not washed. Better results 
are obtained by the use of clothing impregnated 
with D.D.T. to the extent of 1%. 5-10% D.D.T, 
dust (with pyrophyllite, talc, kaolin as ex¬ 
tenders) is preferable to solutions for use against 
cockroaches. 

Much remains to be done before its true value 
as a horticultural and agricultural insecticide 
can be assessed. Until then, caution must be 
observed in its use in this field. D.D.T. is 
characterised by its toxicity to most arthropods 
and, as a result, beneficial insects such as bees, 
the predatory MacroceMrus, and the codling 
moth parasite are apt to be destroyed by its 
unintelligent application. Furthermore, where 
the codling moth and red spider are foimd 
together, extinction of the former has resulted 
in a vast increase in the red spider population 
which is resistant to D. D.T. 

Care must also be observed in using D.D.T. 
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solutions of high concentrations. Although 
D.D.T. is toxic to man, it has been proved by 
British and American investigators (c/. Cameron 
and Burgess, Brit. Med. J., 1945, 866) that there 
is a wide margin of safety in its use as an in¬ 
secticide, Used as a dust there is practically no 
danger of absorption through the skin; D.D.T.- 
containing aerosols may be inhaled with 
safety, and reasonable use of D.D.T.-contain¬ 
ing solutions is free from risk. This also applied 
to the use of oily concentrates provided pre¬ 
cautions are taken to prevent contact with the 
skin for long periods. Cameron and Burgess 
{l.c.) showed the median lethal dose (L.D.gQ) for 
guinea pigs, rabbits, and rats to be : 



Rabbits. 

Guinea 

pigs. 

Rats. 

Skin api)licatioii (mg. per 
kg.). 

300 

1,000 

3,000 

(rftstrio administration 
(mg. per kg.) . . . 

300 

400 

800 

Subcutaneous injection 
(mg. per kg.) . . , 

250 

000 

^ 1,500 


The L.D.50 dosage for cats (single dose) is about 
250-300 mg. per kg. and not more than 300 mg. 
})er kg. for chickens. It is also claimed that fish 
are unaffected by concentrations of not more 
than 1 part D.D.T. to 20x 10® water. 

“ Gammexane” (y-hexachlorocyclohexane), 
CgHgClQ,—Originally marketed as “666,” y- 
licxachlorocycZohexane, like D.D.T., has marked 
residual effect and is used both as a contact and 
a stomach poison. The insecticidal properties of 
this compound were discovered by Messrs. Im- 
])erial Chemical Industries in 1942 (Slade, Chem. 
and Ind. 1945, 40, 314) although it was originally 
prepared by Michael Faraday in 1825. The 
crude product of commerce, made by the chlori¬ 
nation of benzene, is a sandy coloured powder 
and is a mixture of at least four isomers; of the 
four isomers, the y has by far the greatest 
insecticidal activity (j3 negligible; a 10 times as 
ciffective as S; and y 3,600 times as effective as 
S), and whilst its lethal dose varies, from one 
pest to another, it is generally lower than that 
for other insecticides. 

It is usually marketed as the undiluted crude 
reaction product or admixed with an inert 
(carrier such as gypsum or powdered limestone. 
It can also be obtained in concentrated solution 
or emulsion form or as a smoke powder. The 
pure y-isomer is a colourless, bitter crystalline 
substance, m.p. 112*5° with low vapour pressure 
(0*03 mm./20°; 0*14 mm./40°; 0*48 ram./60°), 
stable at high temperatures, practically insoluble 
in water but soluble in the common solvents 
given in the Table opposite. 

Gammexane has not yet been tested as ex¬ 
tensively as D.D.T. but sufficient has been done 
to show that it has exceptional insecticidal 
activity, comparable with ,D.D.T. in most 
respects and in some oases better, being more 
effective against the flea beetle (Phyllotreta spp.) 
than derris, and much better than D.D.T. against 
locusts.* It has been used successfully against 
the common disease-carrying insects, household, 
stock, horticultural, stor^ food, and agricultural 


Solubilities of Isomers of Hexaciiloro- 
CycloHEXANE AT 20°C. 


Solvents, 

Solubility, g. per 100 g. 
solution. 


Alpha. 

Beta. 

Gamma 

Delta. 

Acetic acid, glacial . 

4-2 

J-0 

12-8 

25-6 

Acetone .... 

13-9 

10-3 

43-5 

71-1 

Benzene .... 

9-9 

1-9 

28-9 

411 

w-Butyl alcohol . 

1-6 

0-7 

4-4 

19-4 

n-Butyl acetate . 

10-8 

71 

31-5 

54-4 

iwButyl alcohol 

0-9 

0-4 

30 

13 5 

Carbon tetracldoridc 

1-8 

0-3 

0-7 

3-6 

Chloroform . 

6-3 

0-3 

24-0 

13-7 

ci/c/oHexane . 

1-4 

0-8 

40 

2-7 

Cj!/cZoHcxene . 

5-5 

1-0 

17-4 

14-6 

cyc/ollexanol. 

1-9 

0-0 

40 

17-3 

c«/c?oHexanono . 

17-3 

121 

36-7 

49-9 

“ Dec " (decahydi'o- 
naphthalene) . 

2-5 

0-4 

8-7 

10-4 

Diacetone alcohol . 

5-4 

2-9 

21-0 

30-5 

Diethyl carbonate . 

10-2 

4-1 

28-4 

46*3 

Diesel oil ... 

1-5 

0-3 

41 

9-2 

Dimethyl acetal. 

14-3 

3-4 

38*7 

54*7 

Dioxan .... 

330 

7-8 

31-4 

58-9 

Ether .... 

6-2 

1-8 

2()-8 

35-4 

Ethyl alcohol 

1-8 

il 

6-4 

24-2 

Ethyl acetate 

12-7 

6-9 

35-7 

58-6 

Ethylene dichloride 

7-9 

0*6 

28-0 

27‘3 

Ethylene glycol . 

0-3 

01 

00 

41 

Ethylidene cliloride 

5*7 

0-7 

20-2 

19 5 

Glycerol .... 

0 02 

Nil 

006 

0-2 

Methyl alcohol . 

2-3 

1-0 

7-4 

27-3 

Methyl acetate . 

130 

6-7 

27-7 

621 

Methyl propionate . 
Monoclilorobenzeiio . 

130 

7-9 

37-8 

01-6 

7-4 

0-4 

234 

21 -I 

Naphtha, heavy (230- 
270") .... 

5-8 

1-5 

18*1 

30 4 

Odourless distillate 
(198-257") . . 

0-8 

002 

2-0 

11 

Paraffin (138-212") . 

12 

005 

3-2 

4-0 

Perchloroethylcnc . 

2-4 

01 

7-4 

3-5 

Pentane .... 

00 

01 

2-2 

10 

Light petroleum (40 - 
60") .... 

0-7 

01 

21 

10 

Light petroleum (CO¬ 
SO") .... 

10 

02 

2 7 

1-8 

Light petroleum (80- 
100 ") .... 

10 

0-2 

2’9 

32 

Light petroleu m (100- 
120 °) .... 

1-3 

0-2 

3-5 

3-5 

n-Propyl alcohol. 

1-6 

M 

5-2 

2M 

isopropyl alcohol 

00 

0-4 

2-8 

18*0 

Toluene .... 

90 

21 

27-6 

41*6 

Tricliloroethylene 

3-7 

0-3 

14-7 

7*6 

JUlstlUed water (parts 
per million) 

(10) 

(5) 

(10) 

(10) 

White oil ... 

0-7 

0-02 

1-9 

1-1 

Xylene .... 

8-5 

3-3 

24-7 

42*1 


pests, but it is finding its greatest use in the last 
field. 

Its toxicity to man has not yet been deter¬ 
mined, but it has low toxicity when applied to 
the skin or administered orally in single doses, 
being fairly comparable w'ith D.D.T. in this 
respect. 

Othsr New Organic Insecticides having Residual 
Properties .—The discovery of the residual in¬ 
secticidal properties and wide applicability of 
D.D.T. and Gammexane has inspired chemists 
and entomologists all over the world to search 
for new synthetic insecticides in the hope that 
one may be discovered which is easier to manu¬ 
facture and disseminate, completely non-toxic 
to man and having a pronounced knockdown 
effect in addition. No compound having all 
these desirable properties has yet been produced, 
but several for which high claims have been made 
are already on the market. The most interesting 
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of these are “ Velsicol 1068,” a compound of 
unstated structure but having the formula 
CioHgClg, and the Gorman war-time dis¬ 
coveries, <i}- chloromethyl - 4 - chlorophenylsul- 
phono (“ Laustto New ”) and the hexaethyl ester 
of tetraphosphori(; acid (“ Bladen ”). 

Fumigants. 

Fumigants are cliemical substances which 
exert their insecticidal action in the gaseous 
state, and consequently are commonly used for 
disinfecting large closed spaces such as dwellings, 
ships, and greenhouses. 

Hydrocyanic Acid (Hydrogen Cyanide, 
Prussic Acid, HCN). —The acid, when pure, 
is a colourless gas at temperature above 26°c., 
its boiling-point, with an odour of bitter almonds. 
It was first employed against the scale-insect 
}>est8 of citrus in California in 1886, but its use 
is now routine in general glass-house cultivation 
and against citrus scale-insects which are highly 
resistant to other insecticides. 

It is usually prepared in situ by the action of 
sulphuric acid on sodium cyanide (cyanide, 1 oz.; 
concentrated sulphuric acid, 1^ fl. oz.; water 
2-3 fl. oz.), by gasifying the anhydrous liquid 
acid contained in cylinders or by the action of 
moisture on calcium cyanide (“ Cyanogas ” 
process). 

Because of its highly toxic nature, “ warning ” 
gases, such as the lachrymators chloropicrin and 
cyanogen chloride, are frequently mixed with the 
cyanide. 

Although the mode of action of hydrocyanic 
acid has been the subject of much discjussion, it 
would appear to be an interference with normal 
enzymatic activity by combining with the cata¬ 
lysts present in living tissue. Hydrocyanic acid 
gas is, under certain conditions, toxic to plant 
growth and for this reason fumigation at night, 
when the temperature is lower, and the with¬ 
holding of watering for 24 hours before treat¬ 
ment, are recommended. 

Carbon Disulphide. —Carbon disulphide, 
CS2, is a colourless lic^uid, b.p. 46-3°c., readily 
volatilised at ordinary temperatures. The^ 
vapour, which has an unpleasant odour, is highly 
inflammable and is explosive when mixed with 
air over a wide range of concentrations; hence 
it must be used with great caution. It is highly 
toxic to all forms of life and is used largely as a 
soil insecticide and as an insecticidal fumigant in 
dweUings and warehouses. 

Halogenated Hydrocarbons. —^This class of 
fumigant, whilst less toxic in general than carbon 
disulphide, has the great advantage of being 
non-inflammable. Chief amongst these are car¬ 
bon tetrachloride, CCI4; ethylene dichloride, 
C2H4CI2; and tetrachloroethane, C2H2CI4. 
The latter is the active agent in certain pro¬ 
prietary fumigants for use against the white fly. 
Like other chloro-hydrocarbons, it must be used 
with caution because of its phytocidal action. 
^j-Bichlorobenzene, CgH4Cl2, and 2:2'-dichloro- 
diethyl ether, 0(C2H4CI)2, are finding in¬ 
creasing use as soil insecticides; the former is 
well established as a protectant against house 
moths. Methyl bromide, CHgBr, is finding 
increasing use in the treatment of stored food 
products. 


Ethylene Oxide, (CH2)20. —This com¬ 
pound, a gas at ordinary temperatures, b.p. 
10-7°c., is inflammable and toxic to seeds, 
seriously affecting germination. If admixed 
with 9 parts of carbon dioxide, the toxic and 
fire risks are eliminated, and such mixtures are 
widely u.sed as fumigants in warehouses. 

Naphthalene, CigHg. —The largest single 
constituent of coal tar, naphthalene is, when 
pure, a highly crystalline solid, m.i). 80'’o., b.p. 
218“c., having relatively high volatility. In 
1936 nearly 7,000 tons were used in the U.S.A. 
in the form of “ moth balls,” but it is finding 
increasing use as a greenhouse fumigant against 
thrips and the red spider. The naphthalene 
may be volatilised by heating, or preferably by 
circulating the greenlu)use air through a solution 
of naphthalene of known concentration in a 
suitable solvent. 

Hejwllenls. 

Cedar wood oil, citronella oil, oil of cloves, etc., 
have long been used as insect repellents, even if 
of doubtful efficacy, but it was not until the Far 
East Service-needs in the Second World War 
stimulated research that rc'ally eflective mosquito 
re])cllcnts were discovered. Throe of the most 
effective and widely used of the thousands of 
possible repellents tested are aa-dimethyl-a'- 
carbobutoxydihydro-y-pyrone (“ Indaloue ”); 
2-ethyl-1:3-hexanediol (“ RaUjers 612 ”) an(I 
dimethyl phthalate (l)MP), and were used 
admixed in the ratio 1:1:3 by the American 
Services. Liquid DMP was favoured by the 
British Service authorities, although a con¬ 
siderable amount of investigatory work lias been 
carried out by Christophers and others (1943-45) 
in an endeavour to develop alternatives. Liquid 
repellents of this type are usually applied as such 
to the skin, and remain effective for 2-4 hours in 
temperate climates. 

Trichloroacetylchloroethylamide has been 
shown by the Germans to have marked ropel- 
lency towards non-anopheline mosquitoes. 

DMP in emulsion form has been shown to be 
effective against midges. 

AcaricMes. 

The search for acaricides or “ miticidos ” was 
also intensified during the 1939-45 war because 
of the need to control the scrub typhus-carrying 
mite Trombicula. Dibutyl phthalate (DBF) 
was recommended throughout the war as the 
most satisfactory and lasting repellent, applied 
usually to socks, trouser bottoms, etc., but not 
to the skin. Benzyl benzoate, well known for its 
efficacy against scabies, was subsequently found 
to be much more effective. 

Dispersal Methods. 

Insecticides are usually disseminated either as 
the undiluted powder or liquid, in solution, emul¬ 
sion or suspension form, or as an aerosol. The 
most marked advances in formulation were made 
during the war and the investigations on D.D.T., 
and the following examples of methods developed 
for its compounding and dispersal are typical of 
those used in the case of the majority of in¬ 
secticides. 
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Solutions .—Early D.D.T. formulations almost 
exclusively made use of kerosene as solvent 
because of its ready availability and proved use¬ 
fulness witli other insecticides. Along with 
many other petroleum distillates, it has the dis¬ 
advantages of being somewhat irritant to the 
operator and phytocidal; in addition it is a 
relatively poor solvent, a saturated solution con¬ 
taining only about 5% D.D.T. Nevertheless, 
Il.D.T. in kerosene has been most widely used to 
control disease vectors by air and ground spray¬ 
ing. The use of auxiliary solvents, such as 
cyclohexanone, aromatic hydrocarbons, poly¬ 
alkyl naphthalenes, to increase solubility and to 
prevent D.D.T. crystallising out, has been given 
extended trial. 

Emulsions .—Oils and other insecticides not 
soluble in water are fre({uently applied, par¬ 
ticularly as agricultural sprays, in emulsion form. 
Whilst they tend to corrode spraying equipment 
and frequently to break, the saving in expensive 
solvent and transport is a great advantage. In¬ 
secticidal emulsions of spray strength are usually 
prepared by the “ tank mix ” method or by 
means of stock emulsions or “ miscible ” oils. 
In the former method, the insecticide is emiil- 
sihed in the spray tank by vigorously agitating 
with water and an emulsilier unaffected by hard 
water such as Bordeaux precipitate, sulphite lye 
or blood albumen. A variant is the tw'o-solution 
method, in wdiich a suitable liquid fatty acid, 
c.y., oleic acid, is dissolved in the oil to be emul¬ 
sified and this solution is added to dilute solu¬ 
tions of alkali, the emulsifier thus being formed 
hi situ. 8tock emulsions are emulsion con¬ 
centrates obtained by processing oil-water- 
emulsificr mixtures in a colloid mill. The 
miscible oils contain the emulsifier di.ssolvcd in 
the oil, the term usually taken to cover all 
products which are clear, one phase, solutions 
yielding emulsions when diluted with water to 
spray strength. Stock emulsions containing con¬ 
centrated D.D.T. solutions have met with some 
success, although they have not by any means 
replaced solutions. A typical and well-tested 
concentrate is made up as follows : D.D.T., 25 ; 
“ Triton A-100,” 7 ; xylene, 68 parts by weight. 

Suspensions .—The dissemination of agricul¬ 
tural insecticides, in particular, in suspension 
form, results in great economy, in that no sol¬ 
vents are required and transport problems are 
minimised. The arsenicals are widely dispersed 
in this manner, and the modern synthetic in¬ 
secticides have been satisfactorily wet-ground 
with water and a wetting agent, to give pastes 
readily dilutable by water to give spray strength 
solutions. To ensure even coverage, it is usually 
advisable to agitate during spraying. 

Spraying Apparatus .—For the aerial spraying 
of solutions, emulsions, and suspensions, use is 
normally made of aircraft travelling at 150- 
200 m.p.h. at the lowest height consistent with 
safety, employing spray tanks similar to those 
used for laying smoko screens. No attempt is 
made to produce droplets-of uniform size; the 
liqtiid is usually ejected by gravity through an 
open orifice. 

Attempts have been made to disperse D.D.T. 
and other insecticides from the air by feeding a 
concentrated solution into the exhaust of the 


airplane; helicopters and slow moving craft 
with perforated spray tubes have also been tried. 
The results so far obtained suggest that none of 
these methods is greatly superior to that 
originally used. 

For ground spraying, two types of spray are 
normally required, a very fine, persistent mist 
to attack insects on the wing and to penetrate 
into resting places, and a rather coarse spray for 
treatment of walls, ceilings, foliage, etc., for 
residual effect. Most sprayers on the market 
leave a lot to be desired, few are robust enough, 
almost all give too coarse a spray at too high an 
output, whilst most nozzle designs are so crude 
as to vary from model to model and are in¬ 
capable of proper adjustment. Of available 
hand sprayers, the “ MISH ” developed by the 
Malaria Institute in India has proved mechani¬ 
cally most efficient. Stirrup pumps, suitably 
adjusted to handle organic solvents, can be used 
as a means of dissemination, whilst the con¬ 
ventional knapsack sprayers are quite satis¬ 
factory within certain limits. 

Power-operated sprayers have been used for a 
variety of purposes, particularly in agriculture, 
for a number of years. They mostly embody a 
swivel plate nozzle through which liquid is 
forced under relatively high pressure, and are 
more robust and, in the main, better designed 
than the hand sprayers. 

Povnlers. —D.D.T., Gammexane, and other in¬ 
secticides such as Paris Green, cuprous cyanide, 
and derris, have been extensively applied in dust 
form by incorporation in finely divided inert 
powders such as kaolin, talc, and pyrophyllite. 
The principal use of D.D.T. in this form has 
been as a 5 or 10% dusting powder for body- 
louse control. Derris-containing dusts are al¬ 
most entirely used for horticultural purposes. 
Powders are usually disseminated from the air 
or by means of hand-activated dust guns. 

Aerosols .—Considerable effort has recently 
been devoted to the development of technique 
whereby D.D.T. and Gammexane may be dis¬ 
seminated by fine atomisation of solutions or by 
thermal generation. 

One method is by means of the aerosol 
“ bomb ” in which a concentrated solution of the 
insecticide is dispersed in the form of a very fine 
mist by means of a compressed gas or the 
evaporation of a low boiling solvent such as 
“ Freon ” or methylene chloride. Various models 
have been developed in the U.S.A. which usually 
contain about 1 lb. of insecticide and propellant, 
and are capable of spraying continuously for 
15 minutes. A typical charge is: pyrethrum 
extract (20% pyrethrins), 1 part by volume; 
D.D.T., 0-5 parts by weight; sesame oil, 6'0 
parts by volume; kerosene, 5-0 parts by 
volume; cyclohexanone, 5 0 parts by volume; 
and Freon, q.s. Such a charge is equivalent to 
1 gallon of standard 5% spray and 4 seconds 
spraying will disinfest 1,000 cu. ft. 

In Britain, an individual sprayer, capable of 
disinfesting 1,000 cu. ft. and discharging for 4-5 
seconds has been developed. It consists of a 
“ Sparklet ” bulb with a dip leg and “ break 
off” tip. It works on the same principle as 
the soda-water syphon and uses carbon dioxide 
as propellant, 



314 


PEST CONTROL. 


Considerable work is in progress on the possi¬ 
bility of dispersing “ residual effect ” insecti¬ 
cides by thermal generation. Modified thermal 
smoke and tear-gas generators have been tested 
with varying results, the main disadvantage 
being that all such methods are susceptible to 
meteorological conditions. 

Rodents. 

Rats and mice are controlled by a number of 
methods, chief amongst which are traps, 
poisoned baits, fumigants, and repellents. 
Details of the conventional methods are to be 
found in A. Mallis, “ Handbook of Pest Control,” 
Macnair-Dorland Co., 1945. 

Traps .—Trapping is applicable where the use 
of poisons is dangerous or where the odour of 
decaying carcases may become objectionable. 
Any form of trap may bo used, the spring and 
cage types being normally employed. It is 
common practice to use various t 3 rpes of bait, 
preferably of a typo not readily available in the 
location to be cleared. 

Poison Baits .—Greatest use is made of poison 
baits, because of their effectiveness and the ease 
with which they are prepared and distributed. 
The poisons used are usually the quick-killing 
strychnine or strychnine sulphate, phosphorus 
paste, and zinc phosphide, or the slower acting 
red squill, barium carbonate, arsenious oxide, 
and thallium sulphate. The use of the former 
is often restricted because of their toxicity to 
human beings and animals, particularly as the 
latter have the advantage of allowing the rat 
time to leave the building before dying. 

Of the rodenticides, perhaps the best is red 
squill, in that it is toxic to rats and mice and 
practically harmless to man and other animals. 
It is a perennial bulbous plant, belonging to the 
lily family {Urginia maritima L.) and grows 
wild in the hilly country bordering the Mediter¬ 
ranean. The bulbs average 3-6 in. across and 
weigh up to 5 lb., and are sold either oven-dried 
and powdered or as an extract in liquid or paste 
form. 

The toxicity of squill is extremely variable 
depending upon the method of preparation and 
preservation, freshness, etc.; the lethal dose of 
good grade unfermented, oven-dried, sliced 
squill bulbs is about 25 mg. per kg. for white 
rats. 

In recent years, in the U.S.A. in particular, an 
active search has been made for new synthetic 
organic chemical rodenticides having constant 
toxic effect upon the rodent and at the same time 
being harmless to man, and domestic and farm 
animals. The ideal rodenticide has not yet 
been found but two types of compound show 
considerable promise, i.e., thiourea derivatives 
and certain organic fluoro compounds. Of the 
former, a-naphthylthiourea {^'ANTU^' or 
“ 109 ”) has shown most promise, but whilst it 
is effective against the Norway rat it is relatively 
inocuous against the black rat, prairie dogs, fftid 
Californian field rodents. 

Sodium fluoroacetate is considered the most 
promising of the organic fluoro-compounds al¬ 
though its use has not yet been confirmed, its 
M.L.l). against rats being 5 xng. per kg.; it does 


not show selectivity towards particular species 
and it is also good for field pest control. It is 
acceptable to rodents, toxic to dogs and cats, 
but relatively harmless to man and larger 
animals. 

During the Second World War the Germans 
developed “ Castrix ” (made from acetoacetic 
ester and urea followed by chlorination and 
amination) and p-dimethylaminobenzenediazo 
sodium sulphonate as substitutes for thallium 
in rodenticides. 

In using red squill and other rodenticides in 
poison baits, a wide range of attractive food 
baits may be employed, such as bread crumbs, 
fish, meat, starch, corn syrup, and bacon fat. 
It is customary to use non-poisonod baits first to 
overcome the rat’s inherent suspicion and then 
use a variety of poison baits for limited periods 
only. 

Viruses have been used effectively, such as the‘ 
mouse typhus-fever virus, but their widespread 
utilisation is not normally recommended. 

Fumigants .—The use of fumigants is limited as 
a means of rodent control. Carbon disulphide 
and smoke cartridges containing phosphorus 
have found limited use in the suppression of 
Californian field-rodent posts. Cyanogas is used 
extensively for disinfesting buildings, ships 
holds, and rabbit runs. 

liepdlents .—No repellent has yet been devised 
capable of presenting damage to vegetation or 
stored materials by animals. As far as rats are 
concerned, some slight success has been obtained 
with copper naphthenate and with sulphur, 
whilst the painting of young trees and shrubs 
wdth a mixture of copper compounds and lime- 
sulphur in a urea-formaldehyde binder has been 
shown to act as a protectant against the depre¬ 
dations of rabbits. 

Attempts have also been made to fimit the 
activities of rodents in the field by electrified or 
barrier fences and by sight and hearing control 
devices. These latter methods use reflectors, 
lights, cloth streamers and the like, dyeing of 
stored food-products a bright colour, and the 
use of flash guns, firearms, and sundry noise- 
makers. None has so far achieved sufficient 
success to warrant its large-scale utilisation. 

F. N. W. 

PETALIT E. A lithium aluminium silicate, 
LiAISi 40 ip, or Ll 20 ,Al 203 , 8 Si 02 , crystal¬ 
lising in tne monoclinic system, but usually 
massive, foliated cleavable. It has a perfect 
basal cleavage, is brittle, has a hardness of 6 - 6 J, 
and p about 2*4. Colourless, white, grey, and 
occasionally with a greenish or reddish tinge; 
lustre vitreous, but pearly on cleavage planes; 
transparent to translucent. In common with 
the more important lithium minerals, spodu- 
mene, lepidolite, and amblygonite, it is typically 
found in certain granitic pegmatites. Petalite 
is a minor source of lithium. 

D. W. 

PETHIDINE HYDROCHLORIDE. 

Ethyl 1 -methyl-4-ph©nylpiperidine-4-carboxy- 
late hydrochloride. Analgesic with morphine- 
like action. B.P.C. Supp. VII (v. Synthetio 
D ltuos). 

S. E. 
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Inteoduction. 

Petroleum or “ rock oil ” in its more limited 
sense includes hydrocarbon liquids which are 
obtained from seepages or wells drilled to varying 
depths, from which the oils cither flow because 
of underground gas or hydrostatic pressure, or 
are pumped in the absence of such pressure. 
However, the term may be used gonerically to 
include, in addition to bquid oils, other closely 
related natural hydrocarbon substances such as 
natural gas, asphalts, and waxes. The pre¬ 
dominating compounds in petroleums are hydro¬ 
carbons, which include representatives of many 
groups. In addition, organic compounds of sul¬ 
phur, nitrogen, and oxygon are present in minor 
amounts, as well as inorganic substances which 
form ash when the oils are burned. Petroleums 
vary from almost colourless, bmpid liquids to 
black viscous semi-solid materials. Between 
these limits practically all intermediate grada¬ 
tions occur. The specific gravity may vary from 
0-70 to over 1-0, the volatility from that of 
natural gasoline to zero, and the consistency 
from that of water to a solid black tar. Some 
petroleums from the Kettleman Hills field in 
California are gasolines which have been utifised 
directly as motor fuel, while, in contrast, some 
Mexican petroleums are essentially asphalt and 
contain only small amounts of distillable com¬ 
ponents. Some petroleums contain so much 
paraffin wax that they are solid at ordinary 
temporatui’cs. 

The colours of crude oils are as varied as the 
rainbow. By transmitted light they show shades 
of yellow, amber, green, cherry, reddish-brown, 
brown, and black, and many exhibit in addition 
a bluish or greenish fluorescence. Their odours 
vary from pleasant to nauseating. Some lighter 
oils have an ethereal odour, some are sweet, and 
some smell like turpentine or camphor. Some 
sulphur petroleums emit hydrogen sulphide and 
the vapours of mercaptans, so that they are 
decidedly toxic to plants and animals. 

In antiquity there was some Icnowledgo of 
petroleum from surface deposits and seepages of 
oil and gas. Ancient mining methods were of a 
primitive character and limited to placer, open- 
cut or pit mining. It seems probable that depths 
greater than 300 ft. were seldom worked, par¬ 
ticularly because of the issuance of inflammable 
gas associated with the underground extensions 
of surface deposits. However, the Chinese 
drilled for oil in 200 B.o. to a depth of 3,600 ft., 
using bronze bits and bamboo tubes to pipe oil 
and gas to the surface for heating and lighting.® 
This technique was unknown in the Western 
world until much later. 

The earliest recorded use of asphalt was in 
the Euphrates Valley. In this locality the 
Sumerians as early as 3000 B.o. used it in 
statuary, pottery, building, and roads.* The 
sources of the material were seepages and out¬ 
crops which are still in existence in many 
localities in the near East, in the areas surround¬ 
ing the Persian Gulf, the Red Sea, the Eastern 
Mediterranean, and Hie Black and Caspian Seas. 
These areas still contain outcrops and seepages 
which currently account for the asphalt in the 


regions of Batum, Surakhani, Tiflis, Baku, 
Grozny, and Maikop. Many of the surface soils 
are impregnated with readily inflammable 
hydrocarbons, and there are continuous omis¬ 
sions of natural gas giving rise to perpetual fires 
which are shrines for cults of fire worshippers. 
Mummies of the Egyptian kings were so-called 
because of the use of bituminous material for the 
preservation of the deceased, the word mummy 
being based on the Coptic or Egyptian word 
“ mum,” meaning bitumen. The Babylonians 
used asphalt in bricks for building construction, 
in roads, and for sotting stones in floors, that of 
Nebuchadnezzar’s palace being still in fair 
condition. 

Asphalt seej^ages are located in the Dead Sea 
Basin, and semi-liquid asphalts rise to the sur¬ 
face of the sea from whence they are skimmed 
and used by the nearby inhabitants for water¬ 
proofing boats and for heating and cooking. 

The records of Greek and Roman history show 
very little evidence of the use of petroleums or 
asphalts, but rather the use of pitches and tars 
from the distillation of wood. Evidently the 
larger natural sources of asphalt and petroleum 
were in the hands of Asiatics and not available 
to the Western Empires. 

The petroleum industry really began with the 
bringing in of the Drake well on August 27, 1859, 
at Titusville, Pennsylvania at a depth of 69 ft. 
Previous to this time there had been no syste¬ 
matic drilling for oil, although Indians in New 
York and Pennsylvania had used the oil from 
seepages for several hundred years for medicinal 
purposes. The occurrence of oil seepages near 
the town of Cuba in western Now York was 
known to the earhest white explorers; ^ and 
George Washington owned lands in Pennsylvania 
which contained a so-called ” burning spring ” 
of oil.® Petroleum encountered in weDs drilled 
for salt was considered a nuisance. However, 
small amounts recovered in connection with salt 
wells were bottled and sold as cure-alls. In 1873 
a well was drilled which flowed oil in the Baku 
field in Russia, and in 1875 the Nobel brothers 
commenced systematic production, refining, and 
transportation of Russian petroleum on a large 
scale, which initiated the Russian industry.® 

Since 1859 the i)etroleum industry has grown 
to be one of the world’s largest. The world pro¬ 
duction of petroleum in 1859 was 2,000 barrels.’ 
In 1860 a production of 500,000 barrels in the 
Pennsylvanian fields flooded the market and 
depressed prices.’ A reliable estimate of the 
total world production of petroleum of all types 
in 1944 was 2,621,734,000 barrels,® with an in¬ 
satiable market. Estimates for 1945 are made 
difficult by the transition from war to peace, and 
inadequate reporting of production in many 
countries. No reliable figure for world produc¬ 
tion in 1945 is available. A weU was drilled to a 
depth of over 16,000 ft. in 1944.® 

OEiam OF Petbolbum. 

Many theories have been advanced to account 
for the origin of j^troleum.^® These may be 
broadly subdividodWto inorganic and organic, 
although the latter ^ve practically superseded 
the former in the minds" of present experts. The 
earliest inorganic theory was proposed by 
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Mendel^eff, who stated that hydrocarbons similar 
to those of petroleum could be formed under¬ 
ground by the action of water on carbides as in 
the following equations: 

CaCa-f-HgO -> CgHafCaO 

AI4C3+6H2O 3CH4+2AI2O3 

The difficulty in this theory is that it does not 
indicate how the higher molecular weight hydro¬ 
carbons of petroleum could be formed. The 
interaction of carbon dioxide, water, and sodium 
has been suggested as a mode of hydrocarbon 
formation, but this proposal again does not 
indicate the source of sodium or the mechanism 
whereby the higher molecular weight hydro¬ 
carbons could be produced. Attempts have 
been made to associate petroleum origin with 
volcanic activity, but geologists have proved 
that such association is not characteristic but 
merely accidental, as in the case of some Mexican 
fields. It has been suggested that formation of 
heavy hydrocarbons from lighter ones has been 
promoted by alpha radiation, but this is difficult 
to confirm. The inorganic theories fail to ac¬ 
count for the presence of chlorophyll porphyrins 
in some asphalts, the invariable presence of 
nitrogen compounds in all petroleums, and the 
optical activity observed in many instances. 

The source of petroleums is nf)w believed to be 
the organic matters deposited in marine w^aters 
or land-locked seas in certain geological periods. 
8 uch seas have occupied much of the continental 
shelves in past epochs and have been a favour¬ 
able environment for the existence of large 
amounts of marine life, including diatoms, algai, 
plankton, fishes, and molluscs. These have been 
deposited in waters and covered by sediments 
such as clays and marls, so that decomposition 
of the organic remains has taken place under 
anaerobic conditions. The initial stage of putre¬ 
faction may have boon biochemical, or due to 
moderately elevaterl temperature and pressure. 
Successive sediments have covered the organic 
deposits and mild raetamorphism has sealed in 
the organic remains. The mechanism of the i 
conversion of the primary organic matter into 
petroleum hydrocarbons remains in doubt, since 
the best evidence points to the fact that such 
deposits have probably not been exposed to 
temperatures over 60°c. (140®f.). No petroleum 
source rocks are encountered before the Silurian 
Period in the early Paleozoic Era, and most have 
been found in the late Paleozoic and the Meso¬ 
zoic. In determining the source rocks, account 
is taken of the migration of the original 
petroleum, which frequently is found in for¬ 
mations in which it could not have originated. 
Fatty oils may have been a source, as it has been 
shown that petroleums are produced when 
animal fats are distilled under pressure. 

In contrast to the animal origin of petroleum, 
coal measures are distinctly from vegetation, and 
the association of coal and petroleum as in the 
Appalachian region of the United States is not 
significant since they occur in different non- j 
conformable strata. 

The known occurrences of petroleum bear out I 
the hypothesis of origin and accumulation in 
mobile epicontinental shelf regions, and the fore- i 


deeps of folded mountain ranges. Thus the main 
areas of i)etroleum production correspond to 
previous land-locked seas occupying inter¬ 
continental troughs or depressions in the earth’s 
crust, as follows : 

1. The environs of the Mediterranean, Red, 

Black, and Caspian Seas and the 
Persian Gulf, occupying the depressed 
segment between the continents of 
Africa, Europe, and Asia. In this region 
the magnificent petroleum resources of 
the Near and Middle East are now being 
developed. 

2. The environs of the Gulf of Mexico and the 

Caribbean Sea, lying in the land-locked 
basin between the continents of North 
and South America. This region con¬ 
tains the most important petroleum 
resources so far developed in the Western 
Hemisphere; Trinidad, Venezuela, 
Colombia, Mexico, and the Gulf Coast 
area in the United States. 

3. The environs of the shallow island-studded 

seas which lie between the continents of 
Asia and Australia in the Far East. Im¬ 
portant petroleum resources have al¬ 
ready been develo]:>ed on the islands of 
Borneo, Sumatra, Java, and Now 
Guinea, and much promising territory 
remains to be explored in this region. 

4. The environs of the land-locked Arctic Sea, 

lying in the north-polar depression 
between the continents of North 
America, Europe, and Asia. This region 
is almost wholly unexplored, but it is 
characterised throughout by conspicuous 
surface evidence of petroleum with an 
oil field already developed on the Arctic 
Circle. 

The other occurrences are on the lower slopes of 
the world’s principal mountain ranges, for 
example, that east and west of the Rocky Moun¬ 
tain range in North America and the Andes in 
South America, the Alps in Europe, and the 
Himalayas in Asia. 

In Europe tertiary foredeep pools occur from 
the Vienna Basin through Galicia into Rumania, 
and minor pools have been found in Italy and 
Albania. Late J^aleozoic occurrences are pro¬ 
bable in England, eastern Holland, and West¬ 
phalia. Other European basins occur in north¬ 
western Germany, Hungary, and the Rhino and 
Rhone Valleys. 

In North America tertiary oil pools occur east 
of the Rocky Mountains from Alberta in Canada, 
through Montana and Wyoming and west of 
the mountains in California. Late Paleozoic 
deposits occur in New York, Pennsylvania, West 
Virginia, Kentucky, Tennessee, and Alabama. 
Another Paleozoic province comprises the entire 
central tableland, including Michigan, Ohio, 
Illinois, Kansas, Oklahoma, central and west 
Texas, and eastern New Mexico; also Arkansas, 
Louisiana, and east and south Texas. 

Foredeep pools of South America include 
tertiary deposits in Ecuador, Colombia, Vene¬ 
zuela, and Trinidad. Less explored areas in¬ 
clude those in Bolivia, Brazil, and Argentina. 

Late Mesozoic deposits occur in Asia along the 
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eastern part of the Caspian Sea, in Iraq and 
Iran; and in Borneo and India. Other areas 
include tho deposits bn SakhaUn and the Bahrein 
Islands, and along the east coast of Borneo. 
Oil seepages are numerous in China, but explora¬ 
tion has lagged and few lic'lds have been de¬ 
veloped. Tertiary deposits occur in Burma. 

Tho only African oil regions are in tho north¬ 
west along the Mediterranean, and in Egypt near 
the Gulf of Suez. 

In Australia there are no clear evidences of 
petroleum deposits. 

The projection map shown in Fig. 1 indicates 
the areas corresponding to the four prin(;ix>al 
petrokmm basins of the world. This map does 



not indicate the foredeei) pools and minor pro¬ 
ducing areas. 

Production . 

The rate of petroleum production has been 
increasing rapidly, owing to the great demands 
made by internal combustion engines and 
mechanised units of all descriptions. It may be 
safely asserted that all modern civilisation rests 
on adequate supplies of oil products, such as fuel 
for motors, lubricants, burning and heating oils, 
waxes and asphalts. Table I shows production 
figures for various countries and districts of tho 
world for 1944, and also tho total cumulated 
production through that year.® Reliable esti¬ 
mates for 1946 are not available (Jan. 1946). 
The United States has produced nearly two- 
thirds of the world’s petroleum and is stiU pro¬ 
ducing tho world’s supply in about the same 
proportion. As to future production in dilferont 
world areas, varying estimates are available. 

Eugene Stebinger and L. G. Weeks have made 
a comparative analysis of oil-finding experience. 
Excluding areas of igneous and metamorphic 
rocks as impossible for the production of oil, and 
comparing only sedimentary areas on which oil 
might reasonably be expected, the United States 
(not including Alaska), with 2*4 million square 
miles, aepounts for 11% of the earth’s sedi¬ 
mentary area favourable for oil. Of the land 
area of the United States 80% is composed of 
sedimentary rocks likely to contain oil, whereas 
for the earth as a whole less than 40% of the 
land area is of this character. Even so, if sedi¬ 
mentary rocks yielded oil uniformly over the 
earth the United States might expect ultimately 
to produce only 11% of the earth’s total instead 
of 64%, its contribution to date. 


Table I.— Cumulated Production 
THROUGH 1944. 


Continent and 
country. 

Annual 
pro¬ 
duction 
(thou¬ 
sands of 
barnds) 
1044. 

Year’s 
pro¬ 
duction 
as per 
cent, of 
world 
total 
1944. 

Thou¬ 

sand 

barrels. 

J*er 

cent, of 
world 
cumu¬ 
lated 
pro¬ 
duction. 

A’orth America. 
(.’anaila . 

10,000 

0-38 

105,074 

0-21 

Mexico . 

3(5,000 

1-38 

2,139,551 

297,494 

4-58 

'J’rinidad 

25,000 

0-95 

0-68 

lInito<l States . 

l,(i78,2(U 

64 01 

29,776,731 

03-89 

Otiiers . 

200 

001 

1,225 

0-00 

Total N.A. . 

1,740,404 

6(V73 

32,320,075 

69-36 

South A merica. 





Argentina . 

24,200 

0-92 

320,433 

0-69 

Bolivia . 

425 

0-02 

2,671 

0-01 

(Colombia 

23,500 

0-90 

351,031 

33,739 

0-75 

Ecuador. 

2,500 

010 

0-07 

Peru 

21,000 

0-80 

326,157 

0-70 

Venezuela . 

207,000 

10-18 

2,890,087 

G-20 

Others . 

50 

0-00 

123 

0-00 

Total S.A. 

338,075 

12-92 

3,924,241 

8-42 

Europe. 





Al))ania . 
Czechoalovalvia 

125 

0-01 

8,068 

3,036 

0-01 

0-06 

England. 

070 

0-02 

2,215 

0-00 

France . 

500 

0-02 

13,243 

0-02 

(ierniany 

7,000 

0-27 

76,495 

0-16 

Austria . 

0,000 

0-23 

21,802 

0-04 

Hungary 

7,500 

0-29 

26,830 

0-05 

Italy. . . . 

40 

0-00 

2,903 

0-00 

Poland . . . 

3,500 

0-13 

276,514 

0-59 

lluinania 

30,000 

0-76 

1,046,140 

2-24 

U.S.S.lt. (llussia) 

275,000 

10-49 

5,370,539 

11-62 

Others . 

9 

0-00 

76 

0-00 

'lotal Europe 

320,345 

12-22 

6,847,957 

14-09 

Africa. 

Egypt . . . 

9,000 

0-34 

78,205 

0-17 

Algeria . 

Otiiers . 

25 

0-00 

143 

213 

0-00 

0-00 

'rotal Africa . 

9,025 

0-34 

78,561 

0-17 

Asia. 





jRahrein Island . 

8,750 

0-33 

68,293 

0-15 

liuniia . 

1,000 

0-04 

.56,421 

0 12 

India, British . 

3,000 

0-12 

267,919 

0-57 

Iran (Persia) 

102,000 

3-89 

1,350,832 

2-90 

Iraq .... 

33,000 

1-26 

279,701 

0-60 

Japan (including 
'I'aiwau) . 



3,500 

0-14 

96,550 

0-21 

Netherland India 

35,000 

1-33 

1,102,807 

2-37 

Sakhalin 

5,500 

0-21 

55,740 

0-12 

British Borneo 
(Sarawak and 



Brunei) . 

5,500 

0-21 

118,032 

0-25 

Saudi Arabia . 

6,000 

0-23 

31,755 

0-07 

Others . 

900 

0-03 

1,650 

0-00 

Total Asia 

204,150 

7-79 

3,429,700 

7-30 

Australia and 





New Zealand. 

50 

0-00 

107 

0-00 

World, undistri¬ 





buted 

25 

0-00 

1,123 

0-00 

World total . 

2,621,734 

100-00 

46,601,764 

100-00 

Data by global 
units. 





West hemisphere 

2,097,164 

80-00 

36,322,877 

77-94 

Europe (includ¬ 




ing U.S.S.R.) 

320,345 

12-22 

6,847,957 

14-70 

IHiddle East 

149,750 

5-71 

1,730,681 

8-72 

Far Bast 

53,500 

2-04 

1,697,469 

3-64 

Others . . . 

975 

0-03 

2,850 

0-00 

Total . 

2,621.734 

100-00 

46,601,764 

100-00 
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Stebingor and Weeks have classified sedi¬ 
mentary areas still further as to their prcjmiso for 
oil, retaining for consideiation only the more 
favourable areas where marine sediments occur 
in thick section over extensive basins. Of these 
favourable areas the United States is found to 
have about 0-9 million square miles, or 15% of 
the known total of 6 million for the earth. It 
appears from their study that 38% of the sedi¬ 
mentary area of the United States is favourable 
for oil, whereas, excluding the United States, 
only 27% of the earth’s sedimentary area is 
favourable for oil. If the promising sedimentary 
rocks prove to bo equally productive over the 
earth, the United States will ultimately produce 
only about 15% of the earth’s oil,^*'* 

Table II shows the areas of the world classilied 
as to their future oil prosjjccts.^^ In designating 
the petroleum reserves of the world, tho limita¬ 
tions of the word “ reserves ” need d(‘fining. 
“ Proved reserves ” is a narrow term meaning 
only that part of petroleum discovered by ai tual 
drilling which is recoverable by present operating 
methods under existing economic; conditions. 
Proved reserves do not include (1) oil under the 
unproved portions of partly developed fields; 
(2) oil in untested prospects; (3) oil that may be 
present in unknown prospects in regions believed 
to be generally favourable; (4) casing head gaso¬ 
line extracted at natural gasoline plants in 
moderately low-pressure fields; (5) oil that 

may become available by secondary-recovery 
methods from fields where such methods have 
not yet been applied; (0) oil that may become 
available through chemical processing of natural 
gas ; (7) oil that can be synthetically recovered 
from oil shale, coal, or other substitutes.^^ 
Proved reserves is the narrowest definition. The 
word “ reserves,” referring to the oil actually 
found by drilling and recoverable by such 
secondary methods as flooding and repressuring 
with gas covers about twice as much oil as that 
referred to under tho term “ proved reserves.” 
“ Petroleum resources ” is still broader in its 
meaning and refers to the total oil probably 
recoverable by any method, not only from areas 
proved by drilling but also from areas favourable 
to oil accumulations and tho oil equivalent of all 
source materials which can be converted into 
liquid fuels. Those sources include natural 
hydrocarbon gas, oil shales, tar sands, and coal. 

Composition of Petroleums. 

Petroleums from different parts of the world 
are extremely variable in chemical composition. 
They contain varying proportions of paraffin, 
naphthene, and aromatic hydrocarbons, and 
apparently small amounts of unsaturates such 
as olefins and terpenes, although the presence 
of tho last two groups in crude oils has some¬ 
times been a matter of controversy. Compounds 
are present which contain, in addition to carbon 
and hydrogen, sulphur, nitrogen, and oxygen, 
and small amounts of inorganic components are 
present. The non-hydrocarbon constituents are 
in minor proportions so that the average 
petroleum is predominately a mixture of hydro¬ 
carbons of varying molecular structure, mole¬ 
cular weight, and boiling-point. In the lighter 
fractions of petroleums of relatively low specific 


gravity, paraffin hydrocarbons predominate, and 
as the specific gravities of whole petroleums or 
their fractions increase, the percentages of 


Table II.— Areas of World Classified 
AS TO Future Prospects for Oil. 



Very 

great. 

Large. 

Locally 

iini)or- 

tant. 

Small. 

North America. 





O.S.A. 





(lulf Coast . 





Midcontinciit (in- 





eluding W eat 





Texas and New 





Mexico) 





Kocky Mountains 


4- 



California 


-f- 



Eastern . 



+ 


Mexico .... 


-f 



Canada .... 


1 



Central America 




4- 

South America. 





Venezuela . 

-f 




Colombia 

"I 




Peru .... 


f 



Ecuador. 





Paraguay . 



-f ? 


Chile. 




-1' 

Argentina 



4- 


Bolivia .... 





Brazil .... 




-1- 

Europe. 





England. 




1 

(iermany 



■1 


France .... 




4 

Italy. 




-( 

Albania .... 




H- 

Poland .... 



4- 


Rumania 


H- 



Spain .... 




'1- 

Denmark 





Hungary . . . 



4- 


Czecho.slo\ akin 




-i 

Esthonia 




1- 

Russia: 





Baku Region 

-f- 




North Caucasus . 

+ 




Perm Basin . 

-f- 




Embo Region 


+ 



Asia. 





Russia : 

! 




East Ural 


+ 



Sakhalin . 


+ 



North Arctic. 



+ 


Turkaman Region 

+ 




Tadjikstan and 





Khlrgez 


+ 



Irak. 

-f 




Iran. 

-f 




Arabia .... 

-f 




Kuwait .... 


+ 



Qatar .... 


+ 



Syria .... 



4- 


Bahrein .... 



4- 


Turkey .... 




+ 

India .... 



4- 


Afghanistan 



4- 


Burma .... 



4- 


Palestine 





Neth. East Indies . 


+ 



China .... 




-f 

Japan .... 




4- 

Australia .... 




+ 

Africa. 





Egypt .... 



4- 


Mozambique . . 




4- 

Angola . . . . 




4* 

French North Africa 




4- 

Madagascar 




"b 


(Does not consider present discovered reserves.) 
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naphthenic and aromatic compounds and those 
containing sulphur, o;s:ygen, and nitrogen usually 
increase. 

The difficulty of separating individual hydro¬ 
carbons from petroleum limited for many years 
the production of chemical derivatives to those 
of the normally gaseous or low boiling liquid 
paraffins which have relatively few isomers. 
This contrasts with the derivatives of aromatic 
hydrocarbons produced from coal tar, wherein 
the base compounds benzene and toluene boil 
at 80° and 110°o. (176° and 230°f.) respectively, 
and are easily separable. With improved frac¬ 
tionation more pure petroleum hydrocarbons are 
available, and an extensive oheniical industry is 
developing which will eclipse that of coal tar. 

The ordinary temperature-volume distillation 
curves of petroleum fractions show no sharp 
breaks or plateaux, but rather a gradually rising 
slope which indicates the presence of a large 
number of individual hydrocarbons. Those 
curves show a downward inflection at the low'er 
end and an upward inflection at the upper end. 



Per Cent Distilled 
Fig. 2. 


indicating a small amount of low boiling hydro¬ 
carbons and a correspondingly small amount of 
relatively high boiling .compounds. Fig. 2 
shows a typical distillation curve for a com¬ 
mercial motor gasoline (U.S.A. 1944). 

Separations of individual hydrocarbons in 
petroleum by distillation methods, even those 
of the most efficient type, are complicated by the 
existence of constant boiling-point mixtures of 
two or more hydrocarbons having different boil¬ 
ing-points, and the fact that compounds of 
widely different composition and molecular 
structure may have practically identical boiling- 
points. Then as the molecular weight and the 
number of isomers corresponding to a given 
number of carbon atoms increase, the differences 
in physical properties such as boiling-points and 
ffeezing-points become smaller and add to the 
separation difficulties. 

The presence of paraffin, eyeZoparaffin, aro¬ 
matic and olefin hydrocarbons in petroleum have 
been show^ by the activities which whole 
petroleums or their fractions exhibit with 
chemical reagents. Thus fractions from Penn¬ 


sylvania and most Michigan crude oils show 
little or no reaction with strong sulphuric acids, 
indicating that they contain relatively small 
amounts of olefins or aromatics and probably 
consist predominantly of paraffins and naph¬ 
thenes. The same conclusion is deducible from 
the fact that chlorine or hydrogen chloride has 
substantially no effect on their primary distillate 
fractions at ordinary temperatures. Naphthenes 
are readily oxidised by fuming sulphuric acid at 
ordinary temperatures, and the presence of large 
proportions of these hydrocarbons in (Jalifornian, 
(l^ulf coastal, Russian; and some Rumanian oils 
is indicated by their vigorous reducing action 
on such acid, even after aromatics have first 
been removed. In Borneo the presence of 
aromatic hydrocarbons is indicated by their 
reactivity with 96% sulphuric acid and with 
nitrating mixtures. Cracked oils contain olefins 
which react with 87% or weaker sulphuric acid. 
The presence of aromatic and/or olefin hydro¬ 
carbons is also indicated by the acti(jn of ethyl 
alcohol, liquid sulphur dioxide, aniline, and other 
solvents having known selectivity for such 
hydrocarbons. 

Using improved fractional distillation methods, 
the normally gaseous hydrocarbons methane, 
ethane, propane, and normal and '<iaobutano have 
been separated in more or less pure condition 
from natui al and refinery gases. The three five- 
carbon atom paraffins, n-pentane, wopentanc, 
and ?ieopcntane have been separated from low- 
boiling petroleum distillates in quantities 
decreasing in the order given. The n- and iso- 
compounds have been frecpiently isolated, but 
ricopentano is present in such small quantities 
that its presence has only been juoven by infra¬ 
red spectrophotometry. It has been shown to 
be in fractions of both east and west Texas 
crudes. Natural gases are composed principally 
of hydrocarbons of which methane constitutes 
up to 98%. Some gases contain no non- 
hydrocarbon compounds, but others contain 
carbon dioxide, nitrogen, hydrogen sulphide, 
and helium. 

The presence of many individual hydrocarbons 
from the different groups has been indicated in 
petroleums from all parts of the world. In 
many reported instances of the occurrences of 
individual hydrocarbons, ejuantitative data are 
lacking, but specific compounds are present in 
quantities less than 1%. 

Paraffin Hydrocarbons 

Paraffin hydrocarbons have been separated 
by fractionation of the liquids recovered by cool¬ 
ing, compressing or absorbing “ wet ” natural 
gases to produce “ natural ” or oil weU “ easing 
head " gasolines. In those gasolines, n-pentane, 
isopentane, n-hexane, 2-methylpentane, n- 
heptano, 2-methyIhexane and a mixture of 
octanes have been identified. In Table III a 
number of normally liquid paraffin hydrocarbons 
are listed, which have been reported by various 
investigators to occur in different crude oils.^’ 

In addition to the hydrocarbons listed in the 
Table, higher molecular-weight paraffiuns con¬ 
taining from 13 to 22 carbon atoms per molecule 
have been indicated. 
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Table III. 

CHa-ECH^VCHg CH,CH{CH,)CH^CH^ 

«-Pentane. isoPentane. 

C(CH3), CHafCHjVCHj 

weoPeutane. w-Hexane. 

(CH3)2CHCH(CH3)j 

2:3-I)imethylbutane (Tctramethylethaiie). 

CH3CH(CH3)[CH3VCH3 

2- Metliylpeiitane. 

CH3CH2CH(CH3)CH2CH3 

3- Methylpentane. 

(CH3)3CCH3CH3 CH3LCH3VCH3 

2:2-DimethyIbutane. n-Heptane. 

CH3CH(CH3)[CH3]3CH3 

isoHeptanc (2-niethylhexane). 

CH3CH(CH3)CH3CH(CH3)CH3 

2:4-J)imcthylpeiitane. 

CH3C(CH3)3[CH3]3CH3 

2:2-lMmethylpentanc, 

(CH3)3C(C3H3)3 CH3[CH3]3CH3 

3:3-i)iiiiethylpentane n-Octane. 

(Dimethyldiethylinethane.) 

(CH3)3CHLCH3]3CH(CH3)3 

2:5-lJ)iinethyllifixaiie (Tetraincthylbutane). 

CH3[CH3VCH3 CH3LCH3VCH3 

ti-Nonane. n-Decanc. 

(CH3)3CH[CH3]3CH(CH3)3 

2:7- I)iinethyloctane (Diisoamy 1). 


and naphthas are essentially mixtures of paraf¬ 
finic and naphthenic hydrocarbons. While only 
limited data are available on the actual percent¬ 
age of naphthene hydrocarbons, many have been 
j>ositively identified, and Table IV gives a list of 
some of them: 


Table IV. 


CH„-CHa 


c1h„ 


CH 3 

ci/o/oPeiitarie. 

CH, 


CHg CHo 
CH 2 

ryc/oHexano. 

CH 2 


CH, 


-CH 


CH 2 

^C"HCH3 

Methylr|/ch>peiitane. 

CH„-CH CH, 


CH„ 


(1h, 


CHCH, 


1:3-Dimcthylcyr/o- 
peiitaiie. 


Jh. 


CHCHg 

Mcthylcyc^ohcxanc. 

CHCH3 

ChI ^Hg 


(Ih, 


CH3 

1:3-DiiuethylcycZohexaiie. 


CHg 

cyi’/olleptano. 

CHCH3 
CHj CH 3 


(Ih, 


CH, 

/ - 

C4^3 

1:2-DimctIiylci/c;(>hexanc. 


C 11 H 24 ^12^26 

Undecaiie, Dodecane. 


Olefin Hydrocarbons. 

The presence of olefins in petroleum oils has 
been reported by many investigators,^® but 
whether these hydrocarbons wore present in the 
original crude oils and not formed by decom¬ 
position reactions during their distillation is still 
a matter of dispute. Some crude oils have been 
reported to contain no olefins and others have 
been stated to contain amylene, hexylene, hep- 
tylenes, octylenes, nonylenes, and mono-olefins 
of higher molecular weight, up to 13 carbon 
atoms per molecule. The latest researches 
indicate that if olefins are present they are only 
in very small amounts. 

Naphthenes. 

This group of hydrocarbons is one of the most 
important in petroleum and its fractions.^® 
Representatives occur in all petroleums, the pro¬ 
portions being lower in the so-called paraffinic 
petroleums, and higher in those of the naph¬ 
thenic or asphaltic type. The lower boiling 
liquid portions of petroleums such as gasolines 


CHC 2 H 3 

I I 

CH 2 CHg 

EthylcycZohcxane. 


C.H 33 

l:2:4-Trimethylcj!/cZohexane 
(Hexahy dropseudocumene). 

^10*^20 

a-Decanaphthene. 

^11*^ 22 

U ndecanaphthene. 

^14^28 

Tetradecanaphthene. 


^ 10^20 

ii’oBccaiiaplithene. 

^10*^20 

j8-Decanaphthene. 

^12^24 

Dodecanaphthene. 

^15*^80 

Pentadecanaphthene. 


A number of other higher molecular weight 
saturated hydrocarbons having the general 
formula CnH 2 n have been identified in various 
petroleums. These hydrocarbons have from 11 
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to 26 carbon atoms per molecule. In most cases 
their structure is incompletely known, but they 
are presumably ring compounds. 

Terpenes. 

The presence of torpenos in Galician oils has 
been reported, those compounds having the 
general formula, However, some 

doubt is cast upon those assertions by recent 
investigators. 

Aromatics. 

Those hydrocarbons are present in a variety 
of petroleums, although in small amounts in 
most of them.^^ In uncracked gasolines the 
percentage of aromatic hydrocarbons is usually 
low, less than 5% in most cases. In some ex¬ 
ceptional crude oils, such as those from Borneo, 
the percentage of aromatic hydrocarbons in the 
lower boiling distillates is high, sometimes over 
15%. Table V lists aromatic hydrocarbons 
which have been proved to bo present in 
petroleums from various localities. 

No systematic attempt was made to analyse 
liquid petroleum fractions and separate the in¬ 
dividual hydrocarbons which they contained 
until the instigation of the American Petroleum 
Institute Research Project in 1927.*^ Research 
under this sponsorship has actually isolated the 
majority of hydrocarbons present in the lighter 
fractions of several United States petroleums. 
Physical methods alone involving precise frac¬ 
tional distillation, fractional crystallisation, sol¬ 
vent extraction, and selective absorption have 
been employed. The methods are briefly suin- 
marised below: 

1. Fractional Distillation : 

(а) At a fixed pressure (separates 

hydrocarbons according to size 
of molecules). 

(h) Under varying pressures (use of 
subatmospheric pressures per¬ 
mits separation of different 
types of molecules). 

(c) With addition of substances form¬ 
ing constant-boiling mixtures. 

2. Fractional Crystallisation (more sym¬ 

metrical molecules have higher melting- 
points) : 

(tt) Simple refrigeration. 

(б) Refrigeration in an appropriate 

solvent. 

(c) With centrifuging. 

3. Extraction with Selective Solvents ; 

(а) Use of different solvents. 

(б) Variation of temperatures of ex¬ 

traction. 

4. Adsorption: 

(а) Use of different adsorbents. 

(б) Use of different temperatures. 

These investigations have shown that the lower- 
boiling petroleum fractions are essentially paraf¬ 
finic, that the proportions of cyclic hydro¬ 
carbons increase with the boiling-point; and 
that a large percentage of the compounds in the 
higher-boding fractions are polycyclic, the rings 
varying in their degree of hydrogenation and 
being extensively substituted by aj^l groups. 
VoL. IX.—21 


Table V. 



CH3 


lOi 

u 


Benzene. 

Toluene. 

n 

I 

o 

CH3 

TT"' 




o-Xylciie. 

>/t-Xylene, 

CH3 

CH, 

'1 

\ 

CH3 


p-Xylcnc. 

Mesitylene. 

CH3 

CH, 



U 

CH3 

k/ 

rseudocurneiie. 

u-Etliyltoluene. 

CH3 

n 

CH, 

r''i 


Lj 


C2H5 

w-Kthyltoluenc. 

?)-Kthylt()Juene. 

CH3 


0 

CH(CH3)3 

/C,H, 

c,h/ 

^C,H, 

/>-Cyiucne. 

Diethylbonzene. 

CHj 

CH, 

f"^CH3 

f^CH, 

CH3L J 

CH,L llcH, 

cH 


Durcno. 

wDurene. 

CH3 

n 

C,H„ 


k/' 

Biethyltoliiene. 

{.^oAinylbenzeue. 



Naphthalene. 
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Details on the hydrocarbons found in 
petroleum by the American Petroleum Institute 
Hydrocarbon Research Project are given under 
the headings of motor fuel, kerosene, gas oil, 
lubricating oils, and asphalt in the products 
section. 

Non-Hydrocarbon Constituents. 

Sulphur Compounds, 

Of the minor organic constituents of petroleum 
containing sulphur, nitrogen, and oxygon, the 
sulphur compounds may be cjonsidored as the 
most important of the three groups, since they 
occur in greatest quantity and frequently have 
the greatest effects upon the properties of the 
oil.^^ The best explanation of the presence of 
sulphur is that it was originally contained in the 
marine organisms from which petroleum is pre¬ 
sumed to have been derived by gradual decom¬ 
position of their remains. Several secondary 
sources appear as possibilities. Some sulphur 
may have been dissolved during the migration 
of the oil through sulphur-containing formations, 
when sulphur compounds could have been 
formed by reaction of the hydrocarbons with 
the sulphur, or by reducing action of the oil 
upon sulphates such as gypsum. Free sulphur 
is sometimes found in solution in petroleums, 
though the major amount is usually in combina¬ 
tion. 

The sulphur content of various petroleum oils 
varies over wide ranges. In paraffinic petroleums 
such as those from Pennsylvanian fields, it is 
usually below 0-1% and may be as low as 0*01%. 
The largest sulphur contents are usually as¬ 
sociated with heavier crudes of a naphthenic or 
asphaltic character such as the Mexican or Cali¬ 
fornian crudes. In these latter types it is not 
uncommon to find values of the order of 6%. 

In petroleums or fractions therefrom wliich 
have not been heated to cracking temperatures, 
indications are that they contain elemental sul¬ 
phur, alkyl sulphates, and hydrogenated thio¬ 
phenes or “ thiophanes.” When oils containing 
free sulphur are heated, the sulphur reacts with 
the hydrocarbons and forms hydrogen sulphide 
and mercaptans. The heavier cyclic compounds 
in which the sulphur is present in the poly¬ 
methylene rings evidently decompose to form 
hydrogen sulphide, alkyl sulphides, and both 
lighter and heavier cyclic compounds in a manner 
analogous to the cracking of a hydrocarbon frac¬ 
tion to form both lighter and heavier products. 

Nitrogen Compounds. 

The amount of nitrogen present in petroleums 
varies over wide ranges, and some petroleums, j 
particularly those of a more or less paraffinic 
character, have been shown by analysis to con¬ 
tain such extremely small amounts of nitrogen 
that it has been questioned whether nitrogen is 
actually present or the analysis is in error. In 
Pennsylvanian petroleum the total nitrogen con¬ 
tent has been reported to be about 0*008%. 
Californian oils contain the most nitrogen found 
in American petroleums, the maximum being 
0*82%. As regards the upper limit of nitrogen 
content, analyses of some oils have indicated as 
high as 2% by weight, which would .correspond 


to 10-15% by volume of nitrogen compounds. 
The presence of nitrogen ijn petroleum has a 
bearing on theories regarding its origin, since 
nitrogen is a characteristic constituent of pro¬ 
teins which are characteristically higher in 
animal than in vegetable remains. The nitrogen 
content is highest in petroleums containing cyclic 
hydrocarbons in predominating amoimts, such as 
Californian, Mexican, and South American crudes, 
while the content is least in paraffinic petroleums 
such as those from the Pennsylvania and 
Michigan districts. 

Early researches on the character of the 
original nitrogen compounds present in crude 
petroleum indicated that they are compounds 
' having a polynuclear structure similar to that 
of quinoline. In crude petroleum containing 
considerable percentages of nitrogen, nitrogen 
compounds are first identified in the kerosenes, 
and analyses of close cut fractions indicate that 
there is frequently an uneven distribution. 
Little is known of the precise structure of these 
nitrogen compounds. The bases encountered in 
the distillates from Californian oils are evidently 
decomposition products of more comjjlex nitro¬ 
gen compounds present in the original crude. 
Some of the compounds are non-rca(;tivo with 
dilute mineral acids. In a kerosene distillate 
from Californian petroleum the following quino¬ 
line homologues have been found : 

Quinoline. 

i^oQuinoline. 

^ 2:3-Dimethylquinoline. 

2 :4-Dimethy Iquinohne. 

2:8-Dimothylquinoline. 

2:3:8-Trimethylquinoline. 

2:4:8-TrimethylquinoliDe. 

Quinaldine. 

Lepidine. 

Some of the compounds in Californian kerosene 
distillate are apparently cyclic tertiary amines. 
One has the composition CigHgiN, and another 
CigHgsN. The second compound has been 
reduced to a secondary amine having the 
formula CjpHgiN. 

When petroleum fractions such as the heavier 
distillates or residua are cracked, such nitrogen 
compounds decompose and yield products 
formed by loss of hydrogen and splitting off of 
alkyl groups. The gases from cracking such 
stocks contain ammonia. Apparently there is 
very little break-up of the ring structures to 
form amines. A small amoimt of basic materials 
extracted from a cracked gasoline made from 
Californian gas oil and residuum showed the 
presence of quinoline, quinaldine, and seven 
alkyl substituted pyridines, as follows: 2- 

methylpyridine, 4-methylpyridine, 2:6-(iimethyl- 
pyridine, 2:6-(iimethylpyridine, 2;4-dimethyl- 
pyridine, 3;6-dimethylpyri(ime, and 2:4:6-tri. 

I methylpyridine. 

Oxygen Compounds, 

Compounds containing oxygen are present in 
most petroleums in minor proportions, so that 
they may perhaps be looked upon as the least 
important of the non-hydrocarbon consti¬ 
tuents.^® However, some of these compounds 
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have found commercial uses and merit considera¬ 
tion. 

The oxygen-containing compounds in petro¬ 
leum have been shown to be principally acid 
corapouiids containing the carboxyl group. 
Since the first compounds of this character which 
were separated from petroleum and positively 
identified contained the six carbon atom cyclo- 
paraffin grouping which characterises the hydro¬ 
carbons commonly designated as naphthenes, 
the compounds have since been customarily 
referred to as naphthenic acids, but some are 
acids of straight chain molecular configurations 
which are properly classed as aliphatic. 

As to the molecular structures of the naph- 
Ihenic acids, some of the carbon-hydrogen 
groupings attached to the carboxyl groups are 
of a saturated character, while others are un- 
saturated. Apparently the saturated com¬ 
pounds in the lower boiling fractions of petroleum 
have either six or seven carbon atoms in their 
structure, including the carbon atom present in 
the carboxyl group. The acids characterised by 
, having one double bond are in the next higher 
boiling fractions and apparently contain from 
eight to twelve carbon atoms. 

IStill heavier fractions contain acids character¬ 
ised by two double bonds in the carbon-hydrogen 
group. The exact arrangement of the carbon 
atoms in the aliphatic acid molecules is not w'cU 
known. Some may have the carbon atoms in 
straight chain arrangement and others may be 
characterised by extensive branching. 

The naphthenic acid content of various 
petroleums is generally a rather uncertain 
(juantity because they are seldom recovered in 
pure condition but are usually contaminated 
w'ith hydrocarbons. Analyses have been reported 
showing from 0*03% to as high as 3% naphthenic 
acids, and the average of all petroleums analysed 
seems to be something less than 1%. It is noted 
in general that petroleums which are essentially 
paraffinic in character contain the least amount 
of the acids, whilst those which are characterised 
by the higher percentages of cyclic hydrocarbons 
contain greater quantities of acids. Thus cer¬ 
tain Californian naphthenic crudes have shown 
as high as 3%, and similar types of crude oils 
from Rumania have shown over 2%. 

Naphthenic acids are readily extracted from 
hydrocarbon fractions by the use of sodium car¬ 
bonate, which reacts with the acids to form 
soaps but not with phenols, which require 
a stronger alkaline reagent such as sodium 
hydroxide for their extraction. The naphthenic 
acids themselves can be recovered by the acidifi¬ 
cation of the soaps with strong mineral acids. 

The lower molecular weight naphthenic acids 
are colourless liquids and those with higher 
molecular weight have a slightly yellowish tinge. 
They are very difficult to purify and separate 
completely from hydrocarbons with which they 
have been associated. The recovered acids form 
salts with various metals such as calcium, 
aluminium, and copper, the copper salts having 
a beautiful green colour when dissolved in ben¬ 
zene. Many of the compounds of naphthenic 
acids with metals are used as insulating materials, 
adhesives, and varnish substitutes. The copper 
salts have ahtiseptio properties and are used as 


wood preservatives, and cobalt, manganese, and 
lead salts function as driers in paints and 
varnishes. 

The acids arc toxic to bacteria, fish, and some 
amphibians, but are not particularly toxic to 
larger animals or to human beings. 

Jt has been shown that the naphthenic acids 
encountered in petroleum distillates are prin¬ 
cipally those originally present in the oils and 
that they have not been pioduced by oxidation 
reactions incidental to (hernical treatments such 
as tho.se using sulidiuric acid. Ihcro is some 
evidence to indicate that some of the higher 
molecular weight naphthenic acids are decom¬ 
posed during cracking to form lighter acids such 
as the previously mentioned aliphatic com¬ 
pounds. Acetaldehyde has been reported in 
.some Pennsylvanian oils and compounfls showing 
the reactions of alcohols, aldehydes, and ketones 
have been repoi’ted in heavy lubricating oils. 

Mixtures of phenols have been shown to bo 
present in distillates from American, Japanese, 
and Polish crude oils. Cresols, xylenols, di- and 
tri-ethyl phenols, and /3-naphthol have been 
identified. The undistilled crude oils investi¬ 
gated showed less phenolic compounds than the 
distillates, and since the amounts of phenols 
were much higher in cracked distillates, the con¬ 
clusion is that the major amounts of phenols are 
the result of cracking reactions. The recovery 
of cresols from C-alifornian cracked distillates is a 
commercial process even though the content is 
small, usually around 001%. Phenols from 
cracked distillates are sold as disinfectants and 
wood preservatives, and for other purposes for 
vffiich high-boiling tar acids are used. Products 
approximating 95% cresylic acid are recovered 
from low-boihng cracked distillates. Table VI 
shows the properties of petroleum cresylic acids 
compared with those of ordinary commercial 
grade. 

Table VI.— Analysis of Cresylic Acids. 


Tests. 

Petroleum 

cresylic 

acids. 

Purchased 

cresylic 

acids. 

Sp.gr. at 15-5°/15-5°('. 
(60760 ‘^f.) .... 

1014 

1032 

Water by distn., % . 

I'ar acids, % . 

0-3 

0-9 

90-2 

98-6 

Neutral oil, % . . . 

3-5 

0 5 

Sulphur, % . . . . 

1-5 

0-22 

T*hcnol coeifioient 

21 

8 

Naphthenic acids, % 

15 

Nil 

Solubility in NaOH . . 

Complete. 

Complete. 

Distillation : 

"C. 'T. 

‘’f. 

Initial b.p. 

186 305 

182 360 

J0% over .... 

206 402 

199 391 

507 . 

219 426 

208 406 

90%. 

277 530 

264 508 

End point .... 

284 544 

287 548 

Colour reaction : 



Bromine wat(;r 

Whitish ppt. 

Creamy ppt. 

Ferric chloride 

Bluish green. 

Bluish gi*een. 

Cliloroform and KOH . 

Dark red. 

Dark rod. 

Ammonia and sodium 
hypocliloritc 

Greenish blue. 

Greenish. 


Certain natural asphalt deposits contain as 
much as 14-16% oxygen.2® The nature of the 
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oxygen compounds is so complex that little pro¬ 
gress has been made in determining their struc¬ 
ture. On the theory that such natural asphalts 
are residues from petroleums which originally 
contained lower boiling and normally liquid frac¬ 
tions, it probably can be assumed that the 
oxygen present in the original petroleums has 
been concentrated in the residua and that it may 
have played an active part in the formation of 
the asphalt. In support of this hypothesis is the 
fact that petroleum residua can be oxidised at 
moderate temperatures of the order of 260°c. 
(500 °f.) by passing air through them. This 
treatment introduces oxygen into the original 
oils, raises the melting-point of the material, and 
produces both water and lower boiling aliphatic 
and naphthenic acids. 

Inorganic Constituents. 

Many petroleums contain minor amounts of 
inorganic substances which form ash when the 
oils are burned.^® In the lighter and less viscous 
oils the ash content may bo very small, while in 
the heavier oils it may assume considerable im¬ 
portance. In some cases the non-combustible 
residues left on burning petroleum are so small 
that it is difficult to say whether they were 
originally present in the oil as obtained from the 
earth or whether they have arisen through 
accidental contamination by contact with pipes 
and tanks or by the conveyance of various wind¬ 
blown dusts. The ashes from all crude oils con¬ 
tain appreciable amounts of silica and the oxides 
of iron, aluminium, and titanium as well as those 
of calcium and magnesium, all of which accom¬ 
pany silica in earthy matters. The silica content 
of petroleum ashes varies from less than 1% to 
somewhat over 50% and the combined oxides 
of iron, aluminium, calcium, and magnesium 
have varied from loss than 10% to nearly 100% 
of the ash. These occurrences can be accounted 
for on a basis of the subterranean contacts of 
the oil with various rock formations. 

There are, however, certain mineral substances 
present in petroleums which are not as easily 
accounted for, but which appear to have more 
of a relation to the origin of the oil. One of these 
anomalous constituents is vanadium oxide which 
has been shown to be present in practically all 
petroleum ashes from a detectable trace to as 
high as 40%. The occurrence of this substance 
is not particularly characteristic of any given oil- 
producing area, which favours the assumption 
that its presence is broadly related to the 
method of formation or the origin of the oils. 
Since it is known that vanadium compounds 
characterise various land and marine animals 
and plants, its presence in petroleum would seem 
to add weight to the theory that petroleum 
originated by the decomposition of such living 
organisms. The presence of vanadium in fuel 
oils used for firing glass-making. industries is 
frequently deleterious, since the glass may be 
defective owing to the introduction of vanadium 
compounds. 

Owing to the industrial uses of vanadium, its 
recovery from petroleum has commercial aspects. 
Thus vanadium-containing dusts are recovered 
from fine gases from furnaces burning fuel oils 
containing compounds of this element. Vana¬ 


dium oxides have been shown to be good de¬ 
hydrogenating catalysts for hydrocarbons, and 
thjis it appears that nature has furnished in 
some instances both hydrocarbons and catalysts 
for their conversion all in one package. Vana¬ 
dium oxide is also used as a catalyst in sulphuric 
acid manufacture, and the metal is a valuable 
ingredient in various ferrous and non-ferrous 
alloys in which it increases their toughness and 
resistance to shocks and varying stresses. 

The vanadium content of petroleum ashes 
seems to be higher in the heavier more asphaltic 
oils and lower in the non-asphaltic types. 
Vanadium compounds have also been shown to 
be present in oil shales of Scotland and in the 
ashes of various coals and lignites. 

In many cases the ash-making constituents are 
not readily removable by mechanical filtration, 
which indicates that the inorganic constituents 
are either present in oil-soluble compounds or 
that they are suspended in an extremely fine 
state of subdivision so that they pass through 
the pores of the filter material. 

Another element which is frequently found in, 
petroleum ashes is nickel, and it has been sug¬ 
gested that the presence of traces of this element 
has modified the character of some petroleums 
by catalysing various conversions involving 
hydrogen transfer reactions. H owever, it hardly 
seems possible that such nickel could function 
in this manner, since when nickel is employed 
as a catalyst in hydrocarbon conversion pro¬ 
cesses, such as cracking or hydrogenation, it is 
necessary for it to bo in a finely divided and 
active metallic state, whereas there is no 
evidence to indicate that it is present in natural 
petroleums in this form. Nickel has been shown 
to be present in ashes obtained from seaweed, 
and since the most generally accepted theory on 
the origin of petroleums relates them to marine 
accumulations, the occurrence of nickel gives 
added weight to the marine origin theory. 

Other unusual constituents of petroleum ashes 
include compounds of molybdenum, another 
metal used to toughen steels, and compounds of 
zinc. However, the amounts of these elements 
found in petroleum ashes are extremely small 
and have no commercial significance. Elements 
that have been found in traces in the ashes from 
crude oils include gold, silver, copper, tin, lead, 
cobalt, manganese, chromium, arsenic, barium, 
strontium, sodium, potassium, phosphorus, 
nitrogen, and sulphur. The quantities present 
are not sufficient to indicate any commercial 
possibilities. 

Some ashes from petroleums, particularly 
those from Iranian crude oils, have shown small 
but definite Radioactivity. Similarly, such 
activity has sometimes been exhibited by the 
substances dissolved in the waters associated 
with petroleums. 

REFINING. 

Refining in the case of petroleum includes any 
processing applied to the crude oil to separate 
it into different portions, to improve the crude 
oil as a whole or to alter the characteristics of 
its fractions. The primary process in refining 
is fractional distillation, whereby lighter and 
heavier portions are separated and gas, gasoline, 
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fuel oils, lubricants, wax distillates, and asphalts 
are produced. The properties of these primary 
products are modified by various types of 
chemical treatment, the use of specific solid 
absorbents for decolorising and deodorising, and 
selective solvent action for removing and 
segregating hydrocarbon groups and impurities. 
Processes whereby whole crudes or their frac¬ 
tions are decomposed by heat to produce lower- 
boiling products may bo broadly grouped under 
the heading of cracking. The term treating is 
commonly applied to three types of processes : 

(i) Those which improve the stock by re¬ 

moval of undesired constituents. 

(ii) Those which effect an improvement in 

quality by the addition of extraneous i 
materials, either by chemical combina¬ 
tion or by solution. 

(iii) Those wliich alter the essential chemical 

structure of the hydrocarbons or other 
constituents of the oil fraction treated. 

Refining methods will therefore be grouped as 
follows: 


In the early refineries the gasoline obtained as 
a primary distillate was wasted by burning or 
running into rivers, and all efforts were directed 
to obtain maximum yields of kerosene as the 
principal marketable product. The unvaporised 
portions of the crude oil remaining in the stills 
were marketed as lubricants. Fortunately there 
were no asphaltic constituents in Pennsylvanian 
oils to complicate these relativelj’^ simple refining 
operations. 

The early crudes contained wax which 
appeared in the heavier distillates and was 
recovered from them by chilling and filter press¬ 
ing. Later the crude waxes were “ sweated ” by 
slowly heating a wax cake on a screen so that oil 
and low-melting waxes dripped from the crystals 
and higher melting-point waxes were obtained. 
The colour of the wax was improved by perco¬ 
lation of the melted material through granular 
charcoal or fuller’s earths. Similar filtering pro¬ 
cesses were practised on some of the lubricating 
oils to lighten their colour. 

Distillation. 


1. Fractional distillation. 

2. Cracking. 

3. Treating. 

A general discussion of treating methods pre¬ 
cedes the products section and specific methods 
of treatment will be referred to under product 
headings. 

The first petroleums which were obtained from 
natural seepages or pits wore generally used 
without special treatment, the uses to which 
they were put varying with their properties. 
Some were used as oil for crude lamps, and others 
as fuel for heating and cooking and for cleaning 
purposes. The asphaltic oils, many of which 
were found in Persia, were used for caulking 
boat seams, and in embalming. Some of the oils 
were used in the treatment of skin diseases, and 
taken internally. Crude oils were sometimes 
weathered to evaporate light constituents before 
use. Many crude distillation attempts were 
made in the Middle Ages, and about two hundred 
years ago a Russian obtained a lamp oil by 
distilling Caucasian petroleum. 

Early refining processes took advantage of the 
varying boiling-points of the constituents of oils 
to produce light distillates which could be used 
in lamps for iUuminating purposes to take the 
place of whale and fish oUs and oils made by 
distilling coal and shales. In 1855 the first still 
used in the United States for making petroleum 
products in commercial quantities was operated 
by Samual Kier in Pittsburgh, Pennsylvania 
(four years prior to Drake’s discovery well in 
1859), using petroleum encountered in drilled 
salt wells.30 Kier’s still was of the vertical, 
cylindrical type with a capacity of about a barrel 
a day. Kerosene selling for $1.25 a gallon was 
produced from this small refinery. With the 
advent of greater supplies of petroleum from 
Drake’s and other wells, refining operations wore 
conducted using similar stills of larger capacity 
which caipe to be known as “ cheese-box ” stills, 
some of these holding as much as 1,200 barrels 
of charge. This type of still persisted for many 
years, some being in operation as late as 1915.3^ 


Figs. 3, 4, 5, 6, 7, 8, and 9 show some of the 
stages in the development of petroleum distilling 
equipment. Fig. 3 shows the essential parts'of 
the so-called “ cheese-box ” still. Fig. 4 indi¬ 
cates an early horizontal cylindrical still equipped 



with a perforated line for the admission of steam 
imder the surface of the oil. The small dome on 
top of the still functioned principally to prevent 
carry-over of liquid particles mechanically en¬ 
trained in the vapours so that the distillates 
would not be contaminated. As the distillates 
increased in boiling-point and specific gravity, 
they were run into successive receiving tanks. 
Fig. 5 shows a horizontal still provided with a 
fractionating column, which represents the first 
attempts at more accurate fractionation. Early 
columns were filled wuth crushed brick, gravel or 
silica fragments, and later with different types 
of spaced perforated metal plates. Many types 
of speciaUy formed filling materials have been 
designed and used. Examples are short hollow 
cylindrical metal pieces, and spirals, such as the 
commonly used Raschig rings, made of earthen¬ 
ware. Rotating plates which throw condensed 
liquid on to the inner wall of the fractionating 
column have met with some success in improving 
the degree of fractionation. 
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Until about 1910, operations in petroleum 
retining were essentially unchanged, except for 
minor improvements. The older types of re¬ 
latively flat, vertical, cylindrical stills were 
gradually replaced by long horizontal cylindrical 


types, and continuous battery operation was 
practised in which four or five stills discharged 
their condensates (gasoline, kerosene, gas oils, 
and lubricating oil distillates) into separate 
tanks. In some arrangements (Fig. 0) crude oil 



was fed into the lirst of a series of stills fiom 
which gasoline was distilled and condensed. 
The crude oil was admitted at one end of the 
still and aUow^ed to overflow at the other eiid 


into a second still heated at a higher temperature 
to distil off kerosene, the residue from this still 
was passed to a third unit and heated at a higher 
temperature for distilling gas-oil distillates ; and 




from the last still of the series lubricating oils 
were obtained. As the heavier distillates wore 
recovered, steam was admitted under the surface 
of the oil to reduce the partial pressure of the oil 
vapours and assist in vaporising and preventing 
nm-back, and the amount of steam and its 


degree of superheat were increased as the boiling- 
point of the successive distillates became higher. 

Fig. 7 represents a battery of stills for con¬ 
tinuous operation, each stiU being separately 
heated and provided with a fractionating 
column for the production of a distillate product 
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of more closely defined boiling range. The pumped to the final still of the series which is 
crude oil is continuously fed into the frac- heated sufficiently to distil off a gas-oil distillate, 
tionating column on the first still in the series to The residue from the third still shown may be 
produce gasoline as an overhead product. The further distilled in a fourth unit, or one separate 
residual oil is pumped into the fractionating from the battery to recover paraffin or lubri- 
column on the second still for the production of eating oil distillates from the fuel-oil residue, 
kerosene, and the residue from this unit is In the distillation of lubricating fi'actions either 


Gasoline Kerosene Gas OH 



Ek;. 7. 


steam or reduced pressure is employed to lower residual fuel-oil, which is recovered from the 
the vaporisation points of the oils and lessen bottom of the first fractionating column.The 
decomposition. vapours from the primary column then pass to 

Fig. 8 shows a distilling arrangement for “ flash a second column, the higher boiling-point gas¬ 
topping ” in which the crude oil is heated during oil vapours being condensed and discharged 
its passage through a pipe still to a temperature from the bottom of the column, while the mixed 
high enough to vaporise all components but vapours of gasoline and kerosene boiling-range 


Gasoline 



Fig. 8. 

pass to a final fractionating • column in which boiling range of the effluent vapours, and steam 
kerosene vapours condense, and gasoline vapours is usually introduced near the bottom of the 
pass from the top of the column to a separate columns for its partial pressure effect. Heat 
condenser. exchangers, pumps, and (condensers have been 

The codling coils through which water or omitted from Figs, 7 and 8, although these are 
charging oil is passed are situated in the top standard equipment. 

of the fractionating columns to control the Fig. 9 shows the essential parts of a modern 
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topping still which is in effect a series of super¬ 
imposed fractionating columns.®* The crude 
oil is pumped through a pipe still in which it is 
heated to a temperature in the neighbourhood 
of 316-37UC. (600~700®f.), sufficient to vaporise 
all components except the desired residuum, the 
total products from the pijxi still being admitted 
to the lowest section 1 of the fractionating 
column. The residuum is recovered from the 
bottom of the column and the vaporised portions 
of the heated product pass into section 2, which 
ivs divided from the first by a collecting plate a. 
In section 2, high-boiling vapours condense and 
form a pool of liquid on the plate, while lighter 
vapours pass upwardly through the centre of 
j)late B to the top section 3 of the column. 
Gasoline boiling-range vapours issue from the top 
of the column, while a kerosene condensate is 


recovered from plate b, and a gas-oil condensate 
from plate a. To conserve heat and assist in 
fractionating the vapours in the column, the 
crude oil feed is passed successively through 
closed pipe coils in the upper portions of the 
three sections of the column and then through a 
heat exchanger where it receives heat from the 
residuum before passing to the pipe still. 

As a further aid to the production of fractions 
of more closely defined boiling-range, the ac- 
(mmulatcd liquids on plates a and B flow to 
aux'iliary fractionating columns c and n, known 
as “ stripper columns ” into which steam is 
passed to vaporise the desired light distillates, 
while the heavier unvaporised portions return 
to the next lower section of the main column for 
further fractionation and their refluxing action. 
A portion of the condensed gasoline is pumped 



Fig. 9. 


back into the top of section 3 to control the 
boiling range of the effluent gasoline vapours. 
In some commercial plants as many as eight 
different fractions are taken off at different levels. 

In the modem fractionating columns so-called 
bubble trays are used. These have multiple 
vapour ports which support caps of different 
design to break up the vapours into small 
bubbles as they pass through the layer of liquid 
on the plate and promote vapour-liquid equili¬ 
brium by this intimate contact. Fig. 10 shows 
some of the detail of a bubble tray in a frac¬ 
tionating column of the bubble-cap type.®* The 
liquid phase from the plate above flows across 
the plate shown in the diagram from left to 
right, encountering weirs on either side. Vapours 
from a plate below pass upward through risers 
and out through slots in th© bubble caps, thus 


assuring effective contact and establishment of 
liquid-vapour equilibrium. 

The combination of pipe still and fractionating 
column is the major distilling development of 
the petroleum industry. Operations are con¬ 
tinuous over long periods of time and many 
units have capacities of more than 25,000 barreis 
of crude oil a day. This type of fractional distil¬ 
lation is used to “ stabilise ” high vapour- 
pressure gasolines to remove dissolved gaseous 
hydrocarbons and retain only those necessary 
for imparting correct vapour pressure. Similar 
installations are employed to fractionate 
normally gaseous hydrocarbon mixtures, opera¬ 
tions being conducted under pressures at 
ordinary or slightly elevated temperatures in 
lieu of operating at sub-atmospheric tempera¬ 
tures while utilising refrigeration. 
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In the most modern plants greatly improved 
fractionating columns are employed, which are 
commonly called superfractionators because of 
their ability to effect fine separations. Features 
of these fractionators include automatic controls 
of temperature, pressure, and reflux rates and 
thorough insulation. Pressure control and com¬ 
plete insulation eliminate any possible irregu¬ 
larity duo to external atmospheric influences. 

Table VII shows data on the properties of 
crude oils from different world-producing areas i 
and indicates the wide variations encountered.^® 
In the selected analyses the specific gravity 
varies from 0-9759 in the second Californian crude I 


oil to 0*800 in the first oil from Sumatra. The 
pour points vary from —32° to •4-27°o. (—26° 
to -}-80 °f.), and total sulphur from 0*05% in the 
Ecuadorian crude to 3*67% in the first Mexican 
crude. Gasoline recoverable by primary distil¬ 
lation of the third Ru.ssian crude is only 0*6%, 
while the crude oil from the Kettleman field in 
California contains 73*9% gasoline. Similarly, 
the amounts of kerosene, ^as oil, lubricating oil, 
and residuum show marked differences. 

Table VIII shows the percentage yields of 
major products from crude petroleum in the 
United States in 1944, the figures being average 
for all crude run to stills.®^ The high percentage 


Table VI1. —Puoperties of Crude Petroleums. 









Volume 

()/ 

/O* 




A.P.] 

nr. 



Sul- 





Country or State. 

Field. 

Sp.gr. 

point, 

pliur, 

wt. 

1 

Motor 

ga.so- 

iine. 

Kero¬ 

sene. 

1 Gas 
oil. 

Lubri 

eating 

oU. 

Resi¬ 

duum. 



North America. 







Oklahoma, 

Oklah(jina City 

37*8 

0-826!j 

-f5 

0-21 

25-1 

1 14-9 

112 

— 

48-6 

Oklahoma 

'fonkawa 

42*8 

0-81 !)• 

-20 

0-18 

37-9 

20-7 

n-3 

— 

29-9 

Kausas 

]\lcPherson 

36-8 

0-840^- 

1-5 

0-28 

23-9 

16-7 

14-3 

— 

44-9 

Kansas 

McPherson 

32*5 

0-862a 

+ 15 

0-52 

20-6 

16-9 

10-0 

— 

52-2 

'IVxas West (.Antral 

Stovens 

33 8 

0-8560 

10 

0-22 

H-S 

. — 

30-9 

— 

54 3 

'J'cxas West (Central 

Shackelford 

40-3 

0*823(5 

-25 

0-33 

33-7 

151 

6-7 

— 

44-2 

rexas PauH. 

Gray 

44-.5 

0-804C 

30 

0-42 

44-7 

— 

15-8 

— 

39-4 

Texas West 

Pecos 

21*0 

0-927t 

-25 

2-12 

13-1 

— 

19-3 

— 

67-6 

(California 

San Joachim 

27-2 

0-8910 

— 

0-49 

26-1 

— 

50-5 

— 

23-4 

California 

San Joachim 

13-5 

0-9759 

— 

0-79 

3-9 

— 

38-1 

— 

58-0 

t'alifornia 

Kettleman 

60-2 

0-7788 

— 

0-14 

73-9 

— 

— 

— 

26-1 

(California 

K e.whall 

29-4 

0-8794 

— 

0-27 

31-7 

— 

35-1 

— 

33 2 

California 

JjA—L ong licach 

26-4 

0-8961 

.— 

1-13 

2G-9 

— 

31-7 

— 

41-4 

Louisiana 

('alcasieu 

41-5 

0-8179 

<5 

0-10 

34-2* 

17-2 

24-8 

14-4 

9-3 

Louisiana 

Terre l)onne 

17*1 

0-9522 


0-53 

— 

— 

22-9 

35-8 

38*2 

Louisiana 

Bofugio 

240 

0-9100 


0-14 

— 

— 

55-5 

30-6 

12-7 

t Canada 

Fort Norman 

35-8 

0-846 

<5 

0-33 

33-4 

11-0 

14,5 

18-4 

21*3 

('anada 

Petrol ia 

33-2 

0-859 

<r> 

0-72 

22 2 

161 

7-5 

10-1 

34-9 

Mexico 

Los Naranjos 

21-1 

0-9270 


3-67 

11-9 

12-0 

20-0 

12-6 

40-0 

Mexico 

Pozarica 

30-6 

0-8370 

— 

1-81 

20-6 

9-6 

6-3 

— 

62-0 



South America. 







Venezuela 

Lagunillas 

17-4 

0-9500 


2-2 

1 5-7 

— 

14-7 

1 — 

1 79-6 

Venezuela 

El Mene 

37-0 

0-8400 

— 

0-2 

40-0 

— 

290 


31-0 

Argentina 

/(^ommadoro \ 

\ Rivadavia J 

28-0 

0-8820 

45 

0-J3 

* 10-8 

12-5 

14-4 

1 

62-3 

Argentina 

Mendoza 

30-8 

0-8720 

55 

0-19 

29-4 

— 

15-8 

23-1 

31-7 

(’oloinbia 


42-0 

0-81.55 

<50 

0-16 

52-0 

t 

22-0 

t 

5-0 

Peru 


37-2 

0-8.388 

— 

0-10 

37-7 


— 

— 

61-8 

Ecuador 


41-2 

0-8193 

<0 

0-05 

40-2 

15-0 

— 

— 

44-7 



Dutch Eart Indies. 







Sumatra 

Pladioe 

45-4 

0-8000 

<0 

— 

55-0 

15-0 

9 0 

— 

19-5 

Sumatra 

Pladjoe 

25-7 

0-9000 

+35 

— 

7-0 

1 60 

40 

— 

81-5 

Java 

Wonokromo 

22-3 

0-9200 

<0 

— 

17-5 

— 

50-5 

— 

30-5 

Borneo 

Balikpapaii 

33-6 

0-8570 

<0 

— 

35-0 

29-0 

15 5 

—■ 

19-0 



Miscellaneous. 







Japan 

Nishiyama 

44-3 

0-80501 

— 

0-20 

36-2 

30-7 

7-5 

24-8 

— 

Japan 

Nishiyaraa 

27-5 

0-8900 

.— 

0-24 

15-0 

29-3 

14-4 

39-8 

— 

Bunna 

37-0 

0-8400 

80 

0-15 

18-4 

32-4 

42-2 

— 

6-4 

Iran 


37-8 

0-8360 

— 

1-0 

33-5 

23-0 

— 

— 

43-5 

Bahrein 


31-9 

0-8660 

<0 

20 

29-6 

17-4t 

— 

— 

59-1 

•Iraq 


36-2 

0-8440 

<0 

2-0 

18-5 

19-6 

17-5 

— 

44-5 

Egypt 


25*7 

0-9000 

<30 

2-8 

12-5 

7-5 

160 

— 

640 

U.S.S.K,. 

Balakhany 

30-0 

0-8762 

<20"C, 

0-10 

4-8 

27-5 

7-3 

— 

60-0 

U.S.S.Il. 

Bibi-Elbat 

26-0 

0-9000 

<70 

0-17 

2-9 

27 5 

8-6 

— 

60*8 

U.S.S.K. 

Dossor 

28*6 

0*8844 

<100 

015 

0-50 

17-0 

16*0 

— 

66-5 

Kumania 

Moreni 

26-0 

0*9000 

— 

— ‘ 

22-7 

8-4 

4-3 

— 

64*6 

Kumania 

liasvad 

36*4 

0*8480 

— 

— 

26-1 

10-8 

16-8 

— 

46*8 

Poland 

Potok 

40*6 

0-8220 

0 


44-2 

16-8 

9-0 

21-0 

8-0 


* Naphtha, includes 7*5% gasoline, based on crude, 
t Kerosene and lubricating oil not reported. 

I Includes 61% of gasoline, based on crude. 
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of gasoline is noteworthy since this is about 
twice as much as was produced twenty years 
earlier. The gasoline figure includes that pro¬ 


duced by primary straight-run distillation and 
that produced by cracking and auxiliary pro¬ 
cesses. It does not include aviation fuel. The 



1945 figures for gasoline production cannot be 
properly evaluated on account of the transition 
from war to peace in that year. 


Table VIII.— Produots from U.S. 
Petroleum, 1944. 




Thou¬ 
sands of 
barrels. 

Vol. 

(Jrude run to stills . 

_ 

1,665,684 

100 

Motor fuel 

- - 

744,075 

44-7 

Kerosene .... 

— 

78,344 

4-7 

Distillate fuel oil. 

— 

230,1.52 

14-3 

Residual fuel oil . 

— 

461,455 

27-7 

Lubricating oil 

Wax (thousands of 


41,100 

2-5 

pounds) 

807,240 

— 

— 

(Joke (short tons) 

1,803,400 1 

— 

— 

Asphalt (short tons). 

6,900,100 

— 

— 

Road oil . 

Still gas (millions of 

— 

1,556 

01 

cu. ft.) .... 

368,061 


“ 


Cracking. 

The term “ cracking ” is applied to processes 
in which hydrocarbon or other oils are decom¬ 
posed at elevated temperatures to produce 
gasoline. When cracking petroleum fractions 
heavier than gasolino, such as kerosene, gas oil, 
or residues, moderate temperature conditions 
corresponding to lesser decomposition produce 
more Uquid products, while high temperatures 
produce larger amounts of gas. Nearly aU 
cracking is attended with the production of 
varying amounts of carbonaceous material 
which may be heavy Kquid or semi-solid residues, 
or coke.®®’ 

The decomposition of animal and vegetable 
oils by heat was practised on a small scale prior 
to the inauguration of the petroleum industry 
as such. Benzene, for example, was discovered 
by Faraday in 1826 in the products of the thermal 
decomposition of fish and vegetable oils. The 
discovery in 1861 that petroleum oils could be 
cracked into lower-boiling products is supposed 
to have been accidental. A stillman is said to 
have lowered his fires to retard a distillation 


during his absence, so that some of the out¬ 
going still vapours condensed and feU back into 
the hot oil in the still. Upon his return he was 
surprised to find that the specific gravity of the 
condensate from his still was lower than when 
he left it. Cracking of heavy hydrocarbons was 
recognised by Peckliain in 1809,®® who reported 
that 28-00% of illuminating oil could be obtained 
by distillation of heavy oils under pressures of 
from 30 to 40 psi.* Cracking was first employed 
to increase the yields of illuminating oil from 
crude petroleum, as that was the primary pro¬ 
duct desired for many years. Pressures em¬ 
ployed were moderate and seldom over 100 psi., 
although in 1904 Ipatieff used pressures iip to 
5,000 psi. in experimental work.^® 

Thermal Cracking. 

Prior to the commercialisation of cracking for 
the production of gasoline in 1913, a number of 
processes proposed distilling oils at pressures as 
high as 600 psi. and temperatures above 538°c. 
(1,000°E.). Some of these processes specified the 
use of pipe coils for heating the oil, and the use 
of steam mixed with oil vapours during their 
passage through the coils. Others specified the 
use of heated pipe coils with succeeding cham¬ 
bers for the separation and collection of heavy 
products; the vapours and gases passing into 
condensing equipment for the recovery of low 
boiling liqnids. 

The advent of the automobile made increased 
yields of gasoline from i)etroleum imperative 
and led to the first commercialisation of the 
cracking process to produce gasoline by Dr. 
W. M. Burton of Standard Oil Company of 
Indiana in 1913. Gas-oil distillates were charged 
to horizontal stills 8 ft. in diameter and 30 ft. 
long. The still contents were heated at 400°o. 
(760 °f.), first at 75 and later at 95 psi. to effect 
a slow distillation. Long air-cooled vapour lines 
condensed a portion of the distilled vapours so 
that they refluxed back into the still. Pressure 
was maintained through the condenser and 

* Pouada per sq. In. gauge pressure. 
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receiver and 30-35% by volume of gasoline was 
obtained. 

The developments in cracking since 1913 have 
boon along the lines of higher temperatures and 
pressures and better design of equipment to 
permit bettor boating, greater thi'oughputs, 
higher production of gasoline, the use of heavier 
coke-forming residual oils as charging 
stocks and the recycle of distillate frac¬ 
tions free from process residues (clean 
circulation). One of the first developments 
was the use of apparatus resembling a 
water tube boiler, the unvaporised por¬ 
tions from the heated tubes circulating 
back to the tubes by a thermoaiphonic 
effect. With more heating surface and 
greater speed of flow of the oil through 
the tubes, carbon was kept from deposit¬ 
ing and operating periods were longt^r. 

In later developments of this type of 
apparatus the recirculated oil was forced 
through the tube by interior pumps and 
the liquid levels were maintained by intro- 
<lucing fresh oil to make the proc(‘ss semi- 
continuous until coke deposits necessitated 
a shut-down. 

Succeeding developments have been eon- 
(;erned with the use of higher pressures up 
to 1,000 psi., and the use of better fractionating 
equipment to separate gases, gasoline, and inter¬ 
mediate boiling-range recycle-stocks having low 
carbon-forming tendencies, heavy residual oils 
being withdrawn without further cracking. In 
another development crude oil charge is intro¬ 
duced into the cracking plant fractionator. 


Both horizontal and vertical reaction chambers 
have been used in which liquid and vapour 
separate, and in which high or low liquid levels 
are maintained, or (;oke allowed to deposit. 

Figs. 11-19 inclusive show in outline some of 
the steps in the development of present-day 
commercial cracking plants. Designs have 



undergone a wide variety of modifications. A 
complete and detailiMl description of the many 
typos of cracking plants tliat have been con¬ 
structed would be iinwari'antcd and only the 
more important developments will be described. 

Fig. 11 shows a simple pressure-shell still 
arrangement as in the Burton Process. The still 



was charged with a definite amount of oil which 
was distilled under pressure, while a portion of 
the evolved vapours were condensed in an air 
cooler to flow back to the still. Such stills were 
charged with 200-260 barrels of gas oil and 
about 24 hours were required for a distillation, 
which yielded 30-36% of motor fuel. Carbon 


deposits were scraped from the bottom of the st ill 
after the liquid residue was drawn off. 

Fig. 12 shows a somewhat later development 
with two adiled features (Burton-Clark Process). 
One is the construction of the still to resemble a 
water tube boiler with a heated tube bank and 
an insulated horizontal cylindrical vessel. The 







332 


PETROLEUM. 


furnace heat was applied to the sloping tubes 
so that circulation of the oil took place by con¬ 
vection and the lighter products of decom¬ 
position were evaporated in the enlarged portion 
of the still. Better heat transfer was accom¬ 
plished in this apparatus, and the flow of oil 
through the tubes kept part of.the carbon washed 
from the heated surfaces. The level of the oil 
in the evaporating chamber was maintained at 
a fixed point by the continuous admission of 
gas oil into the reflux lino until the character of 
the residual oil in the still became so heavy that 
carbon formation was excessive, at which time 
operations were discontinued and the plant 
cleaned out. This arrangement of apparatus 
also employed air cooling for obtaining reflux 
and maintained pressure through the condenser. 


I Further improvements consisted in increasing 
I the period of operation by aiding the circulation 
of the oil through the heated tube bank by 
mechanical means, feeding charge oil to the still 
and withdrawing continuously front the still 
some fuel oil residue, as in the Trumble process. 

Fig. 13 shows a specific application of this 
principle in the Jenldns stills. 

In addition to the thermally induced circula¬ 
tion through the heated tube bank, an impeller 
created more rapid circulation through the tubes 
and further lessened the tendency for carbon to 
deposit. The charge was introduced to a primary 
fractionator wherein it served as a refluxing 
medium and wherein lighter portions were 
distilled ofl‘, the heavy fractions flowing into the 
evaporating chamber. Fuel oil residuum was 


Secondary Fractionator 



Fig. 13. 


drawn continuously from the system so that the 
operation was essentially continuous. A second¬ 
ary fractionator separated the vapours from the 
primary column into gasoline and recycle stock 
for further cracking treatment or sale as furnace 
oil. 

Fig. 14 shows a cracking plant with multiple 
reaction chambers in which both the pipe still 
and chambers are heated and a high level of 
liquid is maintained in the chambers. The 
charging oil is passed through a coU in a small 
chamber at the top of a fractionator to absorb 
heat and produce reflux for the fractionator, the 
charge then passing through the upper section 
of a pipe still to become tother preheated. A 
pump takes fractionator bottoms and a portion 
of the residual liquid from the third and fourth 
reaction chambers in the series and forces the 


mixture through the lower section of the pipe 
still and then into the bottom of the first two 
of the reaction chambers. The chambers are 
interconnected by equalising lines so that liquid 
and vapours have free passage between them. 
Each chamber is provided with a rotating scraper 
with arms for removing carbon deposits from 
its walls. Gasoline is obtained both from the 
vapours and the residual liquid from the re¬ 
action chambers. 

In the plants described in Figs. 12-14 in¬ 
clusive, the partially cracked oils returned for 
further cracking all contain a certain amoimt of 
residual material which has relatively high coke 
forming prowrties. This operation is currently 
known as “ dirty circulation.’* 

In the Dubbs process of Universal Oil Products 
Company several advances were made in the 
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cracking art, particularly in handling heavy 
I'esidual charging-ojjJs. The use of “ clean cir¬ 
culation ” was a novel feature. In this type of 
operation only partially cracked vaporised inter¬ 
mediate boiling-range products were recycled for 
further cracking, and all residual cracked pro¬ 
ducts were removed so that carbon deposits in 


heated cracking tubes were minimised. Fig. 15 
shows the flow in a process of this character. The 
charge was introduced to a dephlegmator and 
fractionated along with cracked products from 
the reaction chamber, a portion of the charge 
being fed directly if desired. The liquid products 
from the dephlegmator flowed by gravity into 




Fia. 16 . 
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the heated cracking tubes along with such por¬ 
tions of tlie charge as were admitted directly. 
The lieated products from the cracking tubes 
cnt/ercd a reaction chamber which provided time 
for the completion of the cracking reactions and 


effected a separation of vaporous and liquid 
products, the former passing to the dephlegmator 
for fractionation into a mixture of gas, gasoline 
vajmurs and recycle stock, and the last being 
withdrawn as residue. By extending the time 



Fia. IG. 


of cracking in the reaction chamljcr, coko w’as 
deposited and allowed to build up, the coke 
being removed periodically while the cracked 
products from the lieated tubes were diverted 
into a parallel chamber to ensure the continuity 
of the process. 


Fig. IG show's the How in a succeeding develop¬ 
ment of the Universal Oil Products Company 
process, the added feature being the use of a hot 
oil pump for increasing the rate of combined feed 
to the cracking tubes. By this means, recy<‘io 
of intermediate boiling-range prod nets for further 



cracking was increased and an added control of 
the extent and character of cracking was pro¬ 
vided. As before, either liquid residue or coke 
was produced in the reaction chamber according 
to the intensity of cracking. The fractionator 


was larger and installed at a lower level, since 
its elevation was not necessary. 

In a further development stage, the residuum 
from the reaction chamber was passed to a re¬ 
duced-pressure flash chamber from which light 
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distillate vapours were evolved and a residuum 
was pumped. The flow of this process is shown 
in Fig. 17. The vapours from the flash chamlxT 
are passed to a dephlegmator for further frac¬ 
tionation into a light distillate or naphtha, and 
an intermediate boiling-range liquid which was 
pumped to the main dephlegmator to form part 
of the combined feed going to the cracking tubes. 
In this way a larger amount of intermediate 
boiling-range recycle stocks was produced and 
the yield of cracked gasoline was increased. 

A still lat<^r (iommercial development of the 
Universal Oil Products Ck)ni]jany process is 
shown in Fig. 18. In this plant the new features 
include the use of scjparate lu'ating ehunents for 
cracking light and heavy stocks which are with¬ 
drawn from dificrent levels in the fractionating 
column. 'Jhese stocks imiude both components 


of the charging oil and of the cracked products. 
Another feature is the use of separate coke cham¬ 
bers into which the total products from the 
reaction chamber are admitted to form coke and 
vapours, which then enter the flash chamber and 
subsequently the final fractionating column into 
which the <hargo is admitted. A crude oil from 
which straight-run gasoline has been removed is 
introduced to the lowest section of a fractionating 
column in which it undergoes fractionation along 
with vaporous products from cracking. An 
intermediate boiling-range reflux is withtb’awn 
from a colle(?ting plate above the point of 
admission of the charge, pumped through a light 
oil heater and into an enlarged chamber, while 
the bottom licpiid from the fractionating column 
is piimi>ed through a separate heavy oil heater 
into the same chamber. Conditions of ttmij>era- 


Fractionatmg Column 



Fig. 18. 


ture and pressure are varied in each heater so 
that combinations most suitable for the thermal 
conversion of each oil stream are maintained. 
The heated products from both cracking ele¬ 
ments pass together into the reaction chamber 
and then into the insulated coking chambers 
wherein coke gradually builds up. Cracked 
vapours pass to a chamber in which a rough 
separation is made of a fuel oil residuum and 
hydrocarbon vapours containing cracked gaso¬ 
line. In the drawing, the designation “ flash 
chamber ” is used, although this is only true 
when the products from the reaction chamber 
pass directly from the reaction chamber and 
by-pass the coke chambers. This type of crack¬ 
ing plant permits the conversion of either topped 
crude or crude oils themselves into coke, fuel 
oil, and maximum yields of cracked gasoline. 


Typical data are shown in Table IX on the 
cracking of gas oils, fuel oil, and reduced crudes 
in plants arranged in general accordance with 
the flow shown in Fig. 18.*^ For purposes of 
comparison, data are included from cracking for 
liquid residuum and cracking for coke using a 
gas-oil and a residual fuel-oil charge. Cracking 
the gas oil for coke gave a 72*8% (by volume) 
yield of gasoline compared with 68-2% when 
craclung for liquid residuum, the octane num¬ 
bers of the gasolines being approximately the 
same, although the end boiling-point of the 
gasoline from the coking run is higher than from 
the residuum run. Similar comparisons were 
found between the two types of cracking in the 
case of the fuel oil, a yield of gasoline of 67-2% 
when coking, and 61-3% when cracking for 
residuum being obtained. In this pair of runs 
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Table IX.— CsAOKiNa for Gasoline and Coke. 


I’ypc of cracking. 

1 2 Coil 

2CoiJ 

2 CoU 

2 Coil 

1 1 Coll 

1 Coll 

residuum. 

coking. 

residuum. 

coking. 

Caking. 

coking. 

Stock cracked. 

Gas oil. 

Gas oil. 

Fuel oil. 

Fuel oil. 

Reduced 

crude. 

Reduced 

crude. 

Sp.gr. 

0*8670 

0-9042 

0-9286 

A.P.I. gr. 

81*7 

25-0 

20-9 


®c. 

®F. 

®c. 

®F. 

°C. 

“p. 

Initial b.p. 

200 

392 

191 

375 

267 

513 

10%. 

293 

560 

298 

668 

311 

692 

50%. 

351 

663 

381 

717 

374 

706 

90%. 

396 

744 

396 

744 

401 

753 

End b.p. 

404 

760 + 

396 

744 + 

401 

753 

Operating Conditions ; 

Transfer temp., heavy oil heater . 

°C. °P. 

“C. °P. 

‘’C, °F. 

°C. °F. 

°C. ®F. 

°C. °P. 

493 920 

943 920 

488 910 

488 910 

477 890 

477 890 

„ „ liKht „ „ . 

Reaction chamber temp. . 

516 900 

510 9C0 

510 950 

510 950 

— 

— 

477 890 

477 890 

471 880 

471 880 

449 840 

449 840 

M ,, press., psi. 

250 

250 

200 

200 

200 

15 

Products ; 







Gasoline, vol. '*o . 

68*2 

72*8 

51-3 

07-2 

49-4 

29-1 

Gas oil, vol. % .. 

— 


— 

— 

27-7 

54-4 

Residuum, vol. % . 

19*4 

— 

41-3 

— 

— 

— 

Coke, lb. per barrel .... 

— 

40 2 


63-8 

71-5 

52-0 

Gas, cu. ft. per barrel 

635 

820 

479 

840 

550 

437 

Properties Of gasoline : 







Sp.gr . 

0-7316 

0*7420 

0-7347 

0-7362 

0-7467 

0-7475 

A.P.I. gr . 

61-9 

59-2 

61-1 

60-7 

58-0 

57-8 


"F. 

°F. 

°C. ”8. 

"C. "F. 

”C. °F. 

“C. °F. 

Initial b.p . 

37 98 

34 94 

32 90 

37 99 

37 98 

41 105 

10% .'. 

00 140 

62 144 

61 142 

65 149 

69 156 

75 167 

50% . 

118 245 

125 257 

123 2.54 

122 252 

137 276 

140 284 

90% . 

187 368 

202 396 

188 370 

189 372 

193 3S0 

188 370 

End b.p . 

205 401 

232 450 

207 405 

207 404 

212 414 

204 400 

Octane No., A.S.T.M. 

68 

67 

60 

07 

01 

01 

Properties of residuum : 







•Sp.gr . 

1 0583 

— 

1-0107 



— 

A.P.I. gr . 

22 

— 

8-5 


— 

—. 

Coke, lixed carbon . 

— 1 

1 

91*24 1 

— 

9219 

91*82 

93*23 


the gasolines of the same end boiling-point, 
and that from the coking run had a higher 
specifie gravity and a slightly higher octane 
rating. 


Fig. 19 shows the flow in a Universal Oil Pro¬ 
ducts Company type of cracking plant designed 
for making maximum amounts of gasoline and 
liquid fuel without coking. In this operation 



the severity of cracking conditions is regulated 
so that commercial grades of fuel oil are pro¬ 
duced and long runs are made between times of 
shut-downs for cleaning. This operation also 
produces furnace distillate. 


Tyjflcal operating conditions and yields of pro¬ 
ducts from cracking in plants similar to that 
shown in Fig. 19 are given in Table The 
data include those from cracking runs on 
kerosene, gas oil, reduced crude, fael oil, and 
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Type of cracking . 

1 Coil. 

1 Coil. 

2 (k)il. 

2 CoU. 

2 Coil. 

2 Coil. 

1 Coil. 

Stock cracked . 

IveroKeiic. 

Red\iced 

Fuel oil. 

Gas oil. 

'J'opi)ed 

Crude. 

Topped 



cnide. 




crude. 



crude. 

. 

0-8478 

0-8849 

0-9030 

0-883S 

0-9279 

0-9076 

0-8686 

A.IM. gr. 

35-4 

28-4 

25-2 

28-6 

20-0 

24-4 


33-3 


'’c. °r. 

"(1. "F. 

°0. 

°0. 

"F. 

°0. “F. 


°r. 

“C, °F. 

Initial L.p. 

173 344 

191 375 

232 450 

228 

442 

225 437 

187 

368 

252 486 

10% over .... 
50'^o over .... 

201 394 

274 526 

322 612 

277 

530 

263 596 

229 

444 

277 530 

267 513 

378 712 

302 684 

348 

658 

357 675 

289 

552 

326 618 

90% over .... 

332 620 

— 

Cracking 

399 

750 

Cracking 

393 

740 

393 740 

Knd b.p. 

370 698 

— 

373 704 

402 

756 

386 726 

396 

744 

399 760 

Operating conditions : 
Transfer temperature 


°F. 

'’F. 


“F. 

°c. ■ 

‘’C. 

°F. 

°C. °F. 

510 950 

510 950 

H491 915 

502 

935 

493 020 

510 

950 

504 940 



j,504 940 

513 

955 

504 940 

532 

990 


Reaction chamber 










temp. 

Reaction chamber 

482 900 

482 900 

468 875 

477 

890 

466 870 

482 

900 

477 800 

pressure, psi. . 

350 

350 

H200 

300 

200 

250 

255 




l400 

300 

250 

300 


Products ; 






1 




Gasoline, vol. % 

70-0 

60 0 

55-0 

59-0 

48-0 

49-0 

64-0 

Residuum, vol. . 

14-0 

30-0 

35-0 

26 0 

45-0 

29-5 


20 0 

Gas, cu. ft. per barrel 

650 

575 

525 

750 

401 

983 


802 

Properties of gasoline : 









1 

! 0-7280 

Hp.gr. 

0 -7628 

0-7408 

0-7332 

0-7428 

0-7507 

0-7711 


A.P.I. gr. 

54-0 

50-5 

61-5 

59-0 

570 

52-0 

6''2-7 


“0. 

‘’C. °F. 

‘*0. 

“C. 

Op 

°C. °F. 

°C’. 

°F. 

°C. °F. 

Initial b.p. 

32 90 

32 90 

35 95 

41 

105 

38 100 

36 

97 

36 97 

10% over 

66 150 

63 145 

54 130 

62 

144 

63 145 

60 

140 

59 138 

50% over . . . 

138 280 

132 270 

113 235 

118 

245 

129 264 

121 

250 

103 217 

00% over 

177 350 

190 385 

177 350 

176 

348 

181 357 

178 

353 

162 323 

End b.p. 

Octane No., A.S.T.M. 

193 380 

204 400 

204 400 

208 

406 

202 396 

208 

407 

209 409 

90* 

73* 

70 

72 


71 

79 


70 

Properties of residuum : 










Sp.gr. 

1-0291 

1-0143 

1-0143 ! 

1-0631 

1-0143 

1 -0752 

1-5006 

A.P.I. gr. 

6-0 

8-0 

8-0 

1-6 


8-0 

0-1 


5-0 


H ITeavy oil coll. 


L Light oil coil. 


• Research method. 


topped crudes, and also one run on a whole 
crude. The highest yields of gasoline were 
obtained from the kerosene, and the lowest from 
the first of the topped crudes. The octane 
numbers of all gasolines were 70 or higher by the 
A.S.T.M. method, except from the reduced crude 
run in the second column of Table X. In this 
case the earlier research .method of determining 
octane number gave a value of 73, which would 
correspond to a figure below 70 by the A.S.T.M. 
method. 

Viscosity Breaking. 

Viscous crude oils and residua are sometimes 
mildly cracked to produce fuel oils of lower 
viscosities which conform to standard specifi¬ 
cations in this resjject, such as the A.S.T.M. 
No. 6 fuel oil, which must have less than 300 
seconds Say bolt furol viscosity at 60°c. (122 °f,). 
Such operations are known as viscosity breaking 
and are carried out under relatively low tempera¬ 
tures from about 415°c. (780'?r.) to 480°c. 
(896°r.). Pressures may vary from about 100 to 
500 psi., and sufficient cracking is brought about 
in a. single passage through the cracking coil 
without recycling. The thinning of the oils by 
this process is due principally to the breakdown 
of the heaviei* components into intermediate 
products of the character of gas oils, although 
small amounts of gasoline are formed, usuaUy 
5-16% by volume of the charge. The gasoline 
is distilled and recovered and the intermediate 
products are used directly as light fuel-oils, 
VoL. IX.-~22 


cracking stocks for gasoline manufacture, or 
diluents for the residuum from the cracking 
to bring the viscosity below maximum limit 
requirements. 

A typical group of viscosity-breaking runs is 
summarised by the data in Table XI.*® A topped 
crude oil from an lUinois field was cracked in a 
once-through operation to find tlie IkjsI con¬ 
ditions for producing a minimum yield of 300 
second Saybolt furol viscosity residuum, and 
maximum yields of distillate fuel oils. The 
topped crude oil was cracked in a heated tubular 
element and a reaction chamber under the con¬ 
ditions shown in the Table, and the products 
were distilled to produce gas; gasoline, light and 
heavy distillates, and residuum. The total distil¬ 
late products were designated as synthetic crude. 

The yield of gasoline and gas varied from 
6-1% by weight in Run 3 to 13*2% by weight 
in Run 6, while the residuum yield was a 
minimum of 37-7% in Run 4, and a maximum 
of 41’3% in Run 6. Since the object of the runs 
was to produce a fuel oil residuum having a 
viscosity of less than 300 seconds, all runs met 
this requirement except Run 4. The yield of 
light and heavy distillates was highest in Run 1. 
The octane numbers of the gasoline ranged from 
64*6 in Run 1 to 67*7 in Run 6. 

Another example of viscosity breaking is given 
in Table XII, which shows the results in cracking 
a viscous crude oil at 415®o. (779 °f.) at 150 psi. 
for a time of about 13 minutes under these 
cracking conditions.** 
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Table XI. —^ViscosriY Bebakino. 


llun number . 

1 

2 

3 

4 

5 

0 

Operating conditions: 

Temperature, °o. 

459 

471 

4-19 

477 

449 

471 

Temperature, *’f. 

859 

880 

480 

891 

840 

880 

PresBure, psi. 

too 

100 

100 

100 

- 200 

200 

Yields, vol.-% charge : 







Synttietic crude. 

63-9 

03-2 

02-0 

03-8 

01-1 

03-1 

llesiduum. 

30-4 

30-3 

38-0 

35-3 

39-0 

30-0 

Yields, charge : 







Uasoline aud gas. 

8-0 

10-4 

0-1 

11-3 

0-3 

13-2 

No. 2 distillate. 

25-5 

24-1 

21-9 

22-9 

21-0 

23-0 

Heavy distillate. 

27-8 

27-0 

31-3 

28-1 

30-8 

24-9 

llesiduum. 

38-7 

38-5 

40-7 

37-7 

41-3 

38-9 

PRorEKTiEs OP Products. 







Synthetic crude : . 

Sp.ffr. 

0-8,5G0 

0 8524 

0-8591 

0-S509 

0-8007 

0-8488 

A.P.I. gr. 

33-8 

34-5 

33-2 

34-8 

32-9 

35-2 

Viscosity, Saybolt univ. at 
38°c. (lOtrp.). 

43 0 sec. 

410 

40-0 

380 

44-8 

38-2 

Gasoline : 







Sp.Kr. 

0-7499 

0-7275 

0-7301 * 

0 7351 

0-7290 

0-7313 

A.P.I. gr. 

57-2 

03-0 

02-3 

01 -0 

02-0 

02-() 

0«tane iiuml)cr. 

04-0 

07-1 

05-7 

00-2 

07-4 

07-7 

No. 2 Distillate : 







Sp.gr. 

0-8524 

0-8524 

0-8.509 

0-8408 

0-8504 

0-8540 

A.P.I. gr. 

34-5 

34-5 

34-8 

35-(5 

34-9 

34-2 

Heavy distillate: 







!8p.gr. 

0-8950 

0-8984 

0-8905 

0-8990 

0-8927 

0-8990 

A.P.I. gr. 

20-0 

20-0 

27-4 

25-8 

27-0 

25-8 

Viscosity, Saybolt univ. at 
50W (122"P.). 

98-3 .sec. 

91 0 

88-0 

I2J-0* 

13:)0* 

80-5 

Residuum: 







Sp.gr. 

0-9085 

0-9725 

0-9032 

0-9752 

0-9005 

0-9732 

A.P.I. gr. 

140 

14-0 

15-4 

13-0 

14-9 

13-9 

Viscosity, Saybolt furol, at 
1)0°(S. (122°F.). 

200 see. 

200 

250 

302 

237 

200 


* At 38'’0. (100"F.). 


Table XII.— Viscosity Bekak^g of 
Cbude Oil, 


Charge 

and 

product. j 

Crude 

oil, 

specific 

gravity. 

Visco-sity, 
Saybolt 
at 50"'c. 
(I22 “f.). 

Plash 

point. 

Gas 

and 

loss. 

CTudo 

Cracked crude 

0-955 

0-946 

905 sec. 
219 sec. 

°C. °F. 

136 277 
64 147 

0 

20 


Yapour-phase Craching. 

In addition to the types of processes described, 
which are aimed at the production of maximum 
yields of gasoline and which operate so that 
mixed liquid—vapour-phase conditions obtain in 
the cracking zone, another type of process 
operates essentially in the vapour phase at high 
temperatures and atmospheric or slightly super- 
atmospheric pressures. Such operations neces¬ 
sarily involve the use of larger equipment and 
tend to produce greater amounts of aromatic 
hydrocarbons and gaseous products. Com¬ 
mercial plants employ highly-heated tubular 
elements and very large reaction chambers. 
Some commercial vapour-phase processes utihso 
diluent gases such as steam or hydrogen so that 
in effect operations are conducted at subatmo- 
spheric pressures in respect to the oil vapours. 
In such processes, the recovery of gasoline from 


the cracked vapours requires the use of absorp¬ 
tion oils or cooling and compression. 

The temperatures employed in vapour-phase 
cracking are from 550° to 650°O. (1,022° to 
1,202°f.), and the pressures vary from atmo¬ 
spheric to 5 atm. (75 psi.). Under the high 
temperatures employed, heat transfer is satis¬ 
factory even at the low pressures used. Although 
temperatures up to 8(X)°c. (l,472°r.) may be 
employed in vapour-phase cracking, the use of 
those above 650°c. (1,202 °f.) is impractical, due 
to hard coke formation and rapid deterioration 
of tubes. The use of the higher temperatures 
mentioned results mainly in the production of 
aromatic hydrocarbons. Only comparatively 
light distillates such as naphthas, kerosene, and 
light gas oil can be cracked in the vapour phase, 
since heavy distillates and residual oils form 
excessive amounts of coke which soon cause 
overheating and clogging of tubes. 

Table XIII shows some results on the vapour- 
phase cracking on a light naphtha having a 
specific gravity of 0-835 (38° A.IM.), and a 
boiling range of 13G-185°o. (277-3C5°f.).^® The 
data show that the formation of gasoline passed 
through a maximum at 650-700°o. (1,202- 
l,292°r.), and that the amount of residuum 
decreased and the amount of gas increased up 
to 800°c. (l,472°r,). The gas at the higher 
temperatures consisted largely of hydrogen and 
methane. 
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Table XIII. —Vapoctr-phasb Craokino op Naphtha at Atmospheric Pressure. 


Yields % hy weight. 


'J'emperaturo .... 

000 1,112 

®C. °F. 

650 1,202 

"C. °F. 

700 1,202 

"'F. 

750 1,3H2 

®C. "F. 

800 1,472 

^’F. 

850 1,562 

Gasoline .... 

170 

24-5 

240 

19-5 

20-0 

17-9 

Residuum .... 

68-8 ■ 

30-3 

22-8 

21-7 

22-0 

19-1 

Gas. 

14-2 

45-2 

52-2 

58-5 

58-0 

52-9 


Thermal Reforming. 

In addition to cracking portions of crude 
petroleums heavier than gasoline, low octane 
number straight-run gasolines are cracked or 
“ reformed ” to improve their knock ratings. 
In such operations conditions are chosen so that 
there is a maximum production of hydrocarbon 
molecules of altered structure and higher anti¬ 
knock value, and minimum production of gases 
and hydrocarbons heavier than gasoline. The 
conditions for reforming are more severe than 
those used in cracldng heavy distillates and 
residual oils. In commercial practice, tempera¬ 
tures of 5l0°c. (950 '^f.) to 538°c. {1,()00 ^f.) or 
higher and pressures of around 7.50 psi. are em¬ 
ployed, Yields of reformed gasoline range from 
65 to 90% inversely as tlie octane rating 
increases. 


A typical process flow in a reforming plant is 
shown in Fig. 20. A gasoline of low knock 
rating is pumped through a jape coil comprising 
a heated section and an unhoated “ soaking ” 
section, after which (sooler oil is injected to 
reduce the temperature quickly, and arrest the 
cracking reactions short of undue formation of 
gases and heavy products. The reformed pro¬ 
ducts and quench oil are fractionated into gases, 
gasoline, and heavier oils. 

In reforming gasolines, as in cracking heavier 
oils, the anti-knock value of the gasolines pro¬ 
duced is higher because of the piesence of in¬ 
creased amounts of olefinic, aromatic, and iso- 
paraffinic hydrocarbons. 

Some typical results obtained in tliermal 
reforming of straight-run gasolines and naphthas 
are given in Table XIV.*® The data indicatt^ 



that the losses in producing reformed gasolines 
of around 70 octane number are definitely higher 
with lower octane rating gasolines typified by 
the Pennsylvanian and Michigan stoc^, which 
yielded about 65% of reformed product. The 
Texas, Montana, and Californian stocks which 
had octane ratings over 50 gave from 69-2 to 
79*5% by volume yields of reformed products. 

Thermal reforming of gasolines and naphthas 
for the production of low molecular weight olefins 
such as ethylene, propylene, butylenes, and 
I3entylenes is a profitable operation when these 
products are needed in producing alkylates and 
other synthetic products. Yields of butylenes 
as high as 10% by liquid volume of naphthas can 
be produced by using temperatures around 
660"o. (l,200°r.). 


Furnaces. 

One line of development in cracking and 
reforming has been marked by improvements in 
furnace design. Studies of the location of car¬ 
bon deposits along the lino of flow in tubular 
heaters indicated critical temperatures, pressure, 
and flow rates at points corresponding to heavy 
carbon deposits. By varying heat input-rates 
along the fine of flow, carbon deposits were kept 
at a minimum by slowing up the rate of carbon 
formation and increasing the velocity to produce 
a washing action. The early furnaces employed 
convection heat alone. In later designs con¬ 
vection and radiant heat were separated and 
applied at difierent points in the pipe coil, cer¬ 
tain sections being heated entirely by radiant 
energy from flames or heated furnace walls. 
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Table XIV.— Repokming of Gasolines and Naphthas. 



Penn¬ 

sylvanian 

straight 

run 

gasoline. 

Michigan 

straight 

run 

gasoline. 

Midcoii- 

tiuent 

straight 

nin 

gasoline. 

4’exaa 

straight 

run 

gasoline. 

Montana 

straight 

run 

gasoline. 

Californian 

light 

napiitha. 

Mexican 

straight 

run 

gasoline. 

Iraq 

crude 

tops. 

Charjring stcok ; 









Sp.Kr. 

0-7403 

0-7324 

0-7307 

0-7436 

0-7397 

0-7945 

0-7393 

0-7447 

A.lM.gr. . . . 

58-1 

01-7 

59-8 

58-8 

59-8 

40-0 

59-9 

58-5 

Octane number . 

38 

20 

42 

54 

51 

50 

41 




‘'C. ''F. 

"C. °F. 

“0. °F. 

”(}. °F. 

‘^F. 

®F. 

°C. F“. 

Initial b.p. 

07 1.52 

67 1.52 

46 115 

37 99 

.52 126 

151 303 

49 121 

51 124 

10% over at . 

102 215 

88 190 

81 177 

70 168 

80 180 

155 311 

84 184 

80 170 

50% over at . 

138 280 

137 278 

136 277 

128 202 

100 212 

160 320 

136 277 

141 285 

90% over at . 

179 354 

182 360 

175 347 

1H2 300 

171 340 

171 340 

184 363 

212 410 

End b.p. . 

202 390 

198 380 

105 383 

208 406 

194 381 

184 364 

206 402 

203 500 

Operating conditions; 









Furnace ontJet 

524 975 

529 985 

538 1,000 

524 975 

518 965 

524 075 

521 970 

,524 975 

Keaction chanii)er 

497 926 

502 935 

510 950 

495 925 

491 915 

496 925 

493 920 

496 925 

Pressure, psi. , 

500 

1,000 

500 

750 

500 

750 

750 

500 

Products; 









Gasoline, vol. . 

6C-5 

65-5 

74-7 

70-0 

70-5 

69-2 

70 9 

05-9 

Sp.gr. . . . 

0-7405 

0-7351 

0-7424 

0-7459 

0-7362 

0-7870 

0-7377 

0-7.305 

A.P.I. gr. . . 

57-3 

61-0 

50-1 

58-2 

00-7 

48-3^ 

60-3 

62 2 

Octane number. 

74 

67 

70 

72 

72 

77 

71 

70 


°(\ “F. 

'"C, '’F. 

“C. ‘'F. 

°0. "F. 

°C. °F. 

0 ^, 

“F. 

°C. °F. 

Initial b.p, . 

29 84 

34 94 

32 89 

30 90 

30 96 

34 93 

29 84 

36 96 

10% over at 

08 154 

61 142 

63 146 

63 146 

03 146 

82 179 

54 130 

58 130 

60% over at 

87 188 

89 193 

126 259 

114 238 

117 243 

147 290 

115 239 

116 240 

90% over at 

196 384 

182 360 

180 356 

179 3.54 

169 330 

177 350 

186 360 

177 350 

End b.p. 

207 404 

202 390 

193 379 

202 396 

197 380 

194 381 

204 400 

105 383 

Eesiduum, vol. % 

4-6 

4 3 

1-3 

3 5 

3-8 

8-2 

3-3 

9-5 

Gas, cu. ft. per 









barrel 

946 

789 

on 

040 

778 

695 

730 

718 


The most improved types of furnaces apply 
radiant heat uniformly around the circum¬ 
ference of the pipes, such furnaces being known 
as the “ equiflux ” type. 

Cracking Statistics. 

In 1940 the capacity of cracking plants in the 
Ignited States was 2,100,000 barrels daily charge 
with a production of 1,104,000 barrels of cracked 
gasoline, representing a yield of about 53% by 
volume of the oil charged. The total production 
of cracked gasoline in the United States in 1940 
was 294,365,000 barrels, and in that year it was 
estimated that cracking conserved 1,444,789,000 
barrels of crude oil which would otherwise have 
been required to meet gasoline demands. From 
the inception of commercial cracking in 1913 
through 1944, the amount of crude oil conserved 
by cracking is estimated to be about 
20,000,000,000 barrels in the U.S.A. alone. The 
effect of the Second World War, with its pressing 
demands for aviation fuels of ever-increasing 
octane rating, gave great impetus to catalytic 
cracking and the use of all available high octane¬ 
rating hydrocarbons for use in aviation fuel 
blends. 

Catalytic Cracking. 

There are definite limits to the octane numbers 
of gasolines producible by thetmal cracking. 
When attempts are made to produce gasolines 
having octane ratings over 72, the yield decreases 
sharply, and the gasoline contains high per¬ 
centages of olefins. 

The use of catalysts in cracking increases to 


varying degrees the rates of decomposition of 
the different types of hydrocarbons present in 
the charging oils. Catalytic cracking and 
retreating processes arc employed to product^ 
gasoline low in olefins and high in Lvoparaffin and 
aromatic hj^’drocarbons. The octane ratings of 
such gasolines are about 80, and they are used 
in large percentages as components of aviation 
fuels due to their saturated and stable character 
and their high octane number. 

In the past few years a number of catalytic 
cracking processes have been commercialised. 
The oils charged to these processes are principally 
petroleum distillate fractions such as gas oils. 
The catalysts used are composites of silica and 
alumina, the silica being in major proportion by 
weight. Such catalysts are of a refractory 
character so that their activity is maintained 
over long periods of time, during which they are 
alternatively used in cracking and reactivated 
by burning off carbonaceous deposits. 

In the catalytic} cracking process, as in thermal 
processes, the temperatures employed vary con¬ 
siderably, depending upon the type of oil charged 
and the quality desired in the cracked gasoline. 
In general, temperatures below 477°c. (890°f.) 
are not used, nor temperatures much above 
524°c. (975 ®f.). The production of motor gaso¬ 
line may vary from about 36 to 60% on a single 
passage through the catalytic plant, and the 
octane ratings of such gasolines usually vary 
from about 80 to 82. The pressures employed 
are only slightly above atmospheric in contrast 
to the relatively high pressures employed in 
thermal cracking. 

The relative yields of gaseous and liquid 
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products and the types of hydrocarbons of which 
they are composed are different from those ob¬ 
tained when cracking without catalysts. The 
gases contain higher percentages of propylene, 
butylenes, and wobutane, all of which can be 
used to synthesise gasoline of higher octane 
rating by polymerisation and alkylation re¬ 
actions. The gasoline contains olefins as doc^s 
gasoline from purely thermal cracking, but it 
also contains higher percentages of isoparaffins 
and aromatics, both of the latter groups contri¬ 
buting to produce the higher octane ratings 
noted above. It has been estimated that, if the 
gaseous products are processed to obtain all 
possible gasoline and the unconverted liquid 
fractions from the first passage over the catalyst 
are subjected to further catalytic cracking, 
yields of gasoline up to 85% by volume of a gas¬ 
oil charging stock can be obtained. Analyses 
showing the proportion of the main hydrocarbon 
groups in gasolines from catalytic cracking are 
shown in Table XVI (p. 345). 

When catalytic cracking is conducted at the 


higher temperatures in the range 477~624®0. 
(890-975 °f.), many low-boiling olefins and 
alkylated aromatics are found in the gasoline 
fractions boihng below about 200°c. (392 °f.). 
When using lower temperatures in this range the 
percentage of olefins is lower and the gasoline 
consists of higher percentages of isoparaffins, 
naphthenes, and alkyl aromatic hydrocarbons. 

Three broad types of catalytic cracking pro¬ 
cesses are used commercially. Those are known 
as the “ Fixed Bed Process,” “ The Moving Bed 
Process,” and “ The Fluid Flow Process,” the 
names having reference to the method of using 
the catalj^st. 

Fixed Bed Catalytic Cracking Process. 

This catalytic cracking process uses the 
catalyst in the form of granules or i>ellet8 in 
static beds through which oil vapours preheated 
to cracking temperature are passed until the 
catalyst becomes carbonised, after which it is 
reactivated by burning off the carbonaceous 



Fig. 21. 


material while the oil vapours are diverted 
through a bed of fresh catalyst in another 
reactor. Fig. 21 shows a schematic flow of this 
type of process, which was developed in the 
United States by Houdry.*® 

A gas-oil charge is passed in indirect heat 
exchange relationship with the heavy gas-oil 
fraction from the fractionating column and then 
in further heat exchange with the vapours from 
the catalyst towers. After heat is absorbed in 
these two exchange steps, the charge is passed 
through a heater in which the temperature is 
raised to a cracking level for contact with the 
granular catalyst in the reactors. These contain 
nested catalyst tubes around which molten salt 
mixtures are circulated to distribute heat and 
assist in maintaining uniform temperatures 
throughout the reactor. These salt mixtures 
are eutectics comprising mixtures of sodium 
nitrate and sodium nitrite. The *cracked 
vapours .pass through the heat exchanger men¬ 
tioned and are then fractionated to recover 
eases and gasoline vapours from the top, and 
&eavy gas oil from the bottom of the column. 


The gasoline vapours are cooled and condensed 
and then passed to a final stabiliser from which 
a certain percentage of dissolved gases is removed 
and gasoline having the desired boiling range 
and vapour pressure is recovered. 

Moving Bed Catalytic Cracking Process. 

The flow diagram of this process, which is 
designated as the Thermofor Catalytic Cracking 
Process (TCC) is shown in Fig. 22.*® In this 
type of catalytic cracking a mass of catalyst in 
the form of small pellets or spherical particles 
moves downward through the cracking reactors. 
A stream of preheated oil vapours either flows 
upward counter-currently to the catalyst, or in 
an alternative operation the vapours may flow 
downward concurrently with the moving catalyst 
bed. The carbonised particles are elevated 
mechanically and then passed downward against 
rising currents of air to burn off the carbon¬ 
aceous material, and the regenerated particles 
are again raised by mechanic^ means to the top 
of the cracking reactor. 
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Fluid Flow Catalytic Cracking Process, 

This process, representing a radical departure 
from previous catalytic cracking operations, was 
developed by the co-operative efforts of the 
following companies; Universal Oil Products 
Company, Standard Oil Development Company, 


The M. W. Kellogg Company, Shell Develop¬ 
ment Company, Texaco Development Corpora¬ 
tion, Standard Oil Company (Indiana). 

In this process the gas-oil vapours are brought 
into contact with catalyst in finely divided con¬ 
dition. The essential parts and the process flow 



Fig. 22. 



Fig. 23. 


in a plant of this character are shown in Fig. 23.*^® 
The charge is heated and vaporised, and powdered 
regenerated catalyst enters the stream of oil 
vapour by gravity, and the mixture passes 
through a reactor where the cracking takes place, 
a certain amount of carbonaoeous material being 


deposited upon the catalyst particles. Oil 
vapours and catalyst dust pass to a cyclone 
separator, the oil vapours being fractionated into 
g^, gasoline, heating oil, heavy gas oil, and fuel- 
oil bottoms. The spent catalyst flows by gravity 
from a hopper into a stream of air and into a 
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regenerator, where combustion of the car¬ 
bonaceous material takes place, and the catalytic 
activity of the particles is restored. Consider¬ 
able heat is generated in the burning of the car¬ 
bonaceous deposits, and some of this is removed 
by heat exchangers as a portion of the catalyst 
is circulated from the regenerated catalyst 
hopper to the regenerator by pai-t of the air from 
the source of supply. The finer particles from 
the regenerator whit^h escape settling in the 
cyclone following the regenerator are recovered 
in a succeeding electrical separator and returned 
to the system. 

A flow diagram of a two-stage fluid flow 
catalytic cracking plant is shown in Fig. 24, the 


oil being cracked in a primary reactor and the 
gasoline separated and retreated to lower its 
olefin content in a second reactor.®^ 

The raw oil charging-stock, usually gas oil, is 
preheated by heat exchange with a recirculating 
stream from the first-stage fractionating column 
(equipment not shown in the drawing), then 
passed to the catalyst-to-oil heat exchanger 
shown, where it receives further preheat from a 
stream of catalyst which (iirculates between the 
exchanger and the regenerator. Additional heat 
is supplied by means of a tubular heater (not 
shown in the drawing) in which the charge is 
raised to the temperature required to vaporise 
the oil. The vapours then enter the reactor 



whore contact is made with the hot catalyst 
flowing from the regenerator. The oil vapours 
and catalyst flow upward in the reactor. 

The vapours leaving the reactor carry some of 
the catalyst powder with them. The major por¬ 
tion of these catalyst particles is recovered by 
passing the vapours through cyclone separators 
and electrical precipitators, and the balance is 
recovered as a slurry at the bottom of the first 
stage fractionating column. 

The air required for combustion of the car¬ 
bonaceous material on the spent catalyst enters 
at the base of the regenerator risers and carries 
the catalyst upward into the regenerator. The 
regenerated catalyst flows into the draw-off well 
down to the two reactors and into the catalyst- 
to-oil heat exchangers. 

The products of the reaction are then frac¬ 
tionated in the first-stage fractionating column 


and gas-concentrating equipment from w'hich 
gasoline is returned to the second-stage reactor 
for treating, usually at a somewhat lower space 
velocity and temperature. Heat is furnished to 
the second-stage reactor principally by hot 
catalyst from the regenerator, the catalyst-to- 
oil ratio in this stage being relatively high. From 
the second-stage reactor the treated product 
passes to the second-stage fractionating and gas- 
concentrating sections for separation and re¬ 
covery of the gasoline. 

Improved results in respect to both yields and 
quality of catalytically cracked gasolines are 
obtained when the recycle stocks are hydro¬ 
genated before they are again brought into con¬ 
tact with the catalyst. Hydrogenation saturates 
both olefins and aromatic hyi’oearbona, and in 
effect returns paraffins and naphthenes to the 
cracking zone. 
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Treatment of Catalytically Cracked Gasolines. 

Present aviation-gasoline specifications are 
such that base stocks of high quality must be 
relatively low in olefin content and high in iso- 
paraffin and aromatic content. These require¬ 
ments can be met by catalytic cracking plants in 
two ways: first, the unit may be operated at 
relatively low temperatures, 427-482°o. (800- 
900°f.), in which case a base stock having a low 
olefin content is produced. However, conver¬ 
sions high enough to correspond to the desired 
aromatic content are difficult in such an opera¬ 
tion on most stocks because of the severity of 
other operating conditions (pressure, time) 
necessary, and because of relatively high pro¬ 
duction rates of carbon at the lower tempera¬ 
tures. As an alternative, the cracking operation 
C!an be carried out at higher temperatures and 
higher conversions. This operation produces a 
base stock which is rich in aromatics but which, 
unless unusually high conversions and naph¬ 
thenic stocks are used, contains a higher quantity 
of olefins than can bo tolerated directly in avia¬ 
tion-base stocks. Accordingly, some method of 
treating this gasoline must be employed. 

Catalytic. —^AVhen the gasoline from high- 
temperature catalytic cracking is brought into 
contact with a synthetic sihca-alumina catalyst 
in the temperature range of about 371-482°c. 
(700-900°r.), a base stock of exceptionally high 
quality is produced. Not only is the olefin con¬ 
tent reduced by hydrogen transfer, but isomeri¬ 
sation also takes place; so that a marked im¬ 
provement in anti-knock quality results. This 
operation is highly desirable in many instances, 
particularly when paraffinic charging stocks are 
processed. Processes for catalytic retreating of 
catalytically cracked gasolines form the subject- 
matter of numerous patents.®^ 

Sulphuric Acid. —A second method of re¬ 
moving olefins from gasolines is by sulphuric 
acid treatment. The removal of the olefins and, 
in the case of high-sulphur stocks, the simul¬ 
taneous desulphurisation realised, result in 
marked improvement in susceptibility of the 
gasoline to increased octane number by the 
addition of tetraethyl lead. However, the 
molecular rearrangement of the other hydro¬ 
carbon components of the gasoline is not realised, 
and the improvement in quahty is inferior to that 
obtained in catalytic treating. This difference 
in quahty is offset in part by a considerable re¬ 
duction in the amount of equipment required, 
and can be minimised further by the operation 
of the first-stage cracking step at higher con¬ 
version levels. Accompanying the acid treat¬ 
ment, of course, is a loss of hydrocarbons and an 
appreciable consumption of acid. 

Polymerisation. —^A third treating method is a 
relatively new development known as “poly¬ 
treating.” This operation comprises liqtiid- 
phase treatment of the gasoline in the presence 
of a UOP sohd phosphoric acid catalyst. The 
results are comparable with those which can be 
realised by sulphuric treatment, because the 
principal reaction in both processes is the removal 
of olefins. The improvement in quality is, 
therefore, largely a result of the improved lead 
susceptibility resultir^ from removal of the 
olefinic compounds. The prime feature of this 


process is the long life of the catalyst, which 
makes it economically attractive. The high- 
boiling material produced in this operation is 
quite satisfactory for catalytic recracking; thus 
the volumetric loss of aviation fraction attending 
the poly-treating operation itself is not charge¬ 
able against the combined catalytic cracking and 
treating operation, as a large part of the bottoms 
can be recovered as aviation gasoline in the 
recracking step. 

Hydrogenation. —An effective method of re¬ 
ducing the olefin content of catalytically cracked 
gasolines consists in low temperature hydro¬ 
genation, which converts the olefins into para- 
fins. The hydrogenation of catalytically cracked 
gasoline at temperatures of 115-121°c. (240- 
250 °f.), at atmospheric pressures using a nickel- 
on-Kieselguhr catalyst gave the results shown in 
Table XV. The data indicate that the olefins 
were almost completely hydrogenated with very 
little effect on the aromatics and with an in¬ 
crease in octane number. 


Table XV.. 



Charge. 

Treated 

product. 

Bp.gr. 

0-7370 

0-7451 

A.P.I. gr. . . . 

60-5 

58-4 

Jir. No. 

5H 

2 

Octane number * . 

00-8 

02-6 

Initial b.p. . 

39'’C. (102”F.) 

4ro. (loe^r.) 

Final b.p. 

Paraibus and naph¬ 

189''C. (340^1-'.) 

lOO^C. (342"F.) 

thenes .... 

33 

67 

Aromatics . . . 

35 

32 

Oleflns .... 

32 

1 


* Plus 4 c.c. of tetraethyl-load per gallon of gasoline. 


Composition of Catalytically Cracked Gasolines. 

The presence of higher percentages of iso- 
jiaraffin and aromatie hydrocarbons is a dis¬ 
tinguishing characteristic of catalytically cracked 
gasolines in comparison with non-catalytically 
cracked products. Sufficient data are not avail¬ 
able on the yields and qualities of gases and 
gasolines produced by the three major types of 
catalytic cracking processes described to afford 
a de^ite comparison of their commercial merits. 
The mechanical features of operation are dif¬ 
ferent and the relative composition of gasolines 
depends upon the oil charged and the conditions 
of operation, which are varied to produce motor 
fuel or aviation fuel. However, some data are 
available which show the hydrocarbon group 
analysis of gasolines produced by thermal and 
catalytic cracking respectively, and other data 
which show the proportion of taoparaffin in low 
boiling gasoline fractions from thermal and 
catalytic cracking in comparison with analogous 
straight-run gasolines. The hydrocarbon group 
composition of a gasoline from thermal non- 
catalytic cracking and three catalytically cracked 
gasolines made by the Houdry Fixed Opera¬ 
tion are given in Table XVI.The data show 
that the gasoline from therinal cracking is 
higher in olefin hydrocarbons and lower in naph¬ 
thene and aromatic hydrocarbons. 
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Table XVI.— Composition op Ceacked 
Gasolines. 


(Charge. 

(Iracking 
(on 

Fraction 10-175°c. 
(,50-347"^’.). 

com¬ 

mercial 

scale). 

Para- 

flns. 

Naph¬ 

thenes. 

Ole¬ 

fins. 

Aro¬ 

matics. 

Gas oil,* sp. 
gr. 0-8816, 
A.P.I. gr. 
29 . . . 

Tiicrmal. 

53 

14 

30 

3 

Gas oil,* sp. 
gr. 0-8708, 
A.P.I. gr. 
31 . . . 

Catalytic. 

56 

19 

9 

16 

Heavy crack¬ 
ing stock 
from coastal 
crude . 

Catalytic. 

30 

19 

29 

13 

Heavy naph¬ 
tha from 
coastal 
crude . 

(’atalytic. 

43 

24 

1 

5 

28 

!_ 


* Approximately 50:50 mixture of Mid-Continent 
grade and Gulf Coast grade gas oils. 


The composition of the hexane fractions of 
three typical gasolines is shown in Table XVII. 
The isoparaffins are highest in the catalytically 
produced gasoline and lowest in the thermally 
cracked gasoline, which at the same time con¬ 
tains the highest percentage of n-hexane. 


Table XVII.— Composition of Hexane 
Fraction of Gasolines. 


Hexanes. 

East 

Texas 

straight- 

run 

gasoline, 
vol. %. 

Thennal 
gasoline, 
vol. %. 

Catalytic 
gasoline 
prepared 
at 427°c. 
(800“F.), 
vol. %. 

n-Hcxane 

51 

1 

63 

9 

2-Methylpentanc. 

32 

18 

48 

3-Mothylpentane. 

16 

16 

27 

2;3-Dimethyl- 
butane . 

1 

3 

13 

2:2-Dimethyl- 
butane . 

_ 

__ 

3 

Total woparafflns 

49 

37 

91 


The properties of the oils cracked, the yield 
of motor gasoline and furnace oil, and the 
properties of the motor gasoline from fluid 
catalytic cracking of gas oil are shown in 
Table XVIII.6* 

Table XIX includes data on the quality of 
aviation gasolines made in fluid catalytic com¬ 
mercial operations using synthetic catalysts, and 
includes a comparison of the effects of paraffinic 
and naphthenic feed stocks on the gasolines.®* 
All products were stabilised to a 7 lb. Reid 
vapour pressure and all had approximately the 
same percentages distilled at 146°c. (293 °f,) and 
the same end point. The octane numbers are 
aH above 80, the highest value of 86 being shown 
by the gasoline from the single-stage high 
temperature cracking of the naphthenic stock. 
.The lowest octane rating is shown by the hydro¬ 
genated gasoline from the single-stage cracking 
of the paraffinic oil. However, the hydro¬ 
genated gasoline showed the highest octane 


Table XVIII.— Motor Gasoline Production 
AND Quality from Fluid Catalytic 


Cracking 

OF Gas Oils. 




East 

Texas 

wide 

cut. 

West 

I'exas 

wide 

cut. 

West 

Texas 

heavy. 

Coastal 

vide 

cut. 

Feed properties : 

8p.gr. . . 

0-8670 

0-8855 

0-9200 

0-9212 

A.P.I. gr. . 

31-7 

27-3 

22 3 

22-1 

Sulphur, % 
by weight 

0-4'8 

1-80 

2-49 

0-63 

Product yields 
by volume): 
Motor gaso¬ 
line * . 

45-0 

43-2 

40-0 

46-2 

Furnace oil. 

51 -2 

5-2 

51-2 

51-2 

Motor gasoline 
properties f l 
8p.gr. . . 

0-7370 

0-7459 

0-7459 

0-7507 

A.P.I. gr. . 

GO-5 

58-2 

58-2 

57-0 

A.S.T.M. distil¬ 
lation (% dis¬ 
tilled) at: 

70‘’c.; 158 °f. 

25-5 

18-5 

18-5 

23-0 

100“C.; 212°F. 

57-0 

42-0 

38-0 

43-5 

End point, 
®c.; °F. . 

208; 406 

204; 400 

205; 401 

208; 406 

Sulphur, % 
by weight 

0-03 

018 

0-246 

0-044 

Octane No.: 
C.F.ll.-M.S : 
without 
addition of 
T.E.L. t . 

80-5 

79-4 

77-9 

80-5 

Plus 1-5 ml. 
T.E.L. per 
gal. . . 

84-6 

83-0 

81-2 

84-7 

Cracked gas-oil 
properties t: 
Sp.gr. . . 

0-8762 

0-9123 

0-9176 

0-9218 

A.P.I. gr. . 

30-0 

23-6 

22-7 

22-0 

50% point 
(A.S.T.M. 
di st i 1 la- 
tion) “c.; 
®P.. . . 

300; 572 

318; 605 

318; 605 

295; 563 


* Rdd vapour pressure, 10 lb.; end point, 400'’F. 
t Inspections on product as produced without 
further treatment. 
t 1’etraethyl-lead. 

§ Motor method. 


number of 98*2 after the addition of 4 ml. of 
tetraethyl-lead per gallon, on account of the 
complete absence of olefins. 


! Reactions of Cracking. 

Reactions involved in decomposition of hydro¬ 
carbon mixtures are extremely complex and 
have been the subject of extensive investigation 
and disputes as to their exact character. The 
composition of most oils subjected to cracking 
is only incompletely known, and it is difficult 
to trace the exact mechanisms leading to the 
formation of observed products. Dehydro¬ 
genation reactions occur, carbon to carbon bond 
rupture, and cyclisation and condensation re¬ 
actions take place involving the primarily 
formed olefins and cyclic compounds. The for¬ 
mation of low-boiling paraffins and olefins has 
been attributed to the rupture of central carbon 
to carbon bonds in paraffins whereby, e.gi., 
approximately equal amounts of hexanes and 
hexep^s would be formed by cracking a dodecane. 
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Tabi.e XIX.— ^Typical Pboduct Quality op Catalytic Aviation Base Stocks (Commercial 
Operations; Synthetic Catalyst). 



Paraffinic feed stocks. 

JSTaphthenic feed stocks. 

Type of operation .... 

Single-stage. 

Two 

stage. 

Single-stage. 

Temperature level .... 

Low. 

High. 

Hydro¬ 

genation.* 

High. 

Low. 

Iligb. 

High. 

Feed stock : 








Sp.gr. 

0-8413 

0S443 

0 8443 

0-8735 

0-8500 

0-8783 

0-8783 

A.P.I. gr. 

30-7 

30-1 

30-1 

30-5 

33-8 

29-0 

29-6 

Aviation gasoline ; 








Sp.gr. 

0-7332 

0-7531 

0-7459 

0-747.5 

0-7479 

0-77)55 

0-7741 

A.P.I. gr. 

01-a 

50-4 

58-2 

57-8 

57-7 

55-8 

51-3 

Reid vapour pressure, lb. 

7-0 

7-0 

0-8 

70 

7-0 

0-9 

0-9 

Sulphur, % by weigiit 

A.S.T.M. distillation, ]»y 

0-02 

0-03 

— 

(J-03 

0-03 

003t 

003t 

volume over at; 








75'’0. ; 167°f. . . . 

33-5 

34-5 

28-5 

31-0 

29 0 

28-5 

24-0 

10r>°a. ; 221"f. . . . 

61-0 

50-5 

54 0 

55-0 

53-0 

55-5 

40-5 

; 275°F. . . . 

84-5 

80-0 

81-5 

77-0 

77-5 

85-0 

75-0 

145"c. ; 293°f. . . . 

01-0 

90-0 

91-0 

90-0 

88-5 

92*7 

91-4 

End point, “c.; °r. . 

Octane number; 

150 ; 332 

161 ; 322 

159 ; 318 

159 ; 318 

163; 320 

159 ; 319 

100; 320 

A.S.T.M.: without addition 








of T.E.L.§ .... 

A.S.T.M.: plus 4 inl.T.E.L. 

81-0 

82-7 

80-4 

83-2 

81-5 

81*7t 

80-«t 

per gallon .... 

93-3 

01-7 

98-2 

96-5 

94-9 

92-6t 

97-4t 


♦ Shows high-temperature gasoline from column 2 after hydrogenation, 
t Inspected on pentane-free basis. 

t Rated with pentanes added for 7 Ib. Reid vapour i)re8surc, 

§ Tetraethyl-lead. 


Olefin formation has also been explained by the 
direct splitting of hydrogen from paraffins, and 
aromatic formation by the extensive clehydro- 
g(3nation and ultimate cyclisation of aliphatic 
chains and the dehydrogenation of naphthenes. 
Overall cracking reactions are moderately en¬ 
dothermic, which may indioat-e the predominanc(! 
of endothermic dehydrogenation and aromati- 
sation reactions over exothermic reactions of 
polymerisation and alkylation, VV'ith increasing 
molecular weight, paraffin hydrocarbons under¬ 
go more carbon-to-carbon-bond splitting and less 
dehydrogenation. At sufficiently high pressures, 
some alkylation of isoparaffins with olefins may 
occur even in the absence of catalysts. Isomer¬ 
isation of paraffin hydrocarbon is unlikely in 
strictly thermal cracking. 

Olefins produced as primary products of crack¬ 
ing undergo polymerisation at higli temperatures 
and pressures. At reduced pressures some de¬ 
polymerisation may occur, and in extensive 
cracking olefins primarily formed may be either 
dehydrogenated to diolefins or decomposed to 
diolefins and paraffins. Cyclisation of olefins 
may lead to the formation of naphthenes and 
cyc^o-olefins, or aromatic hydrocarbons.®® 

Naphthenes containing six carbon atoms in thL 
ring and having alkyl side chains undergo de¬ 
alkylation and dehydrogenation to aromatics. 
The dealkylation takes place as a primary re¬ 
action and dehydrogenation as a secondary 
reaction. Some cycloparaffina having short-chain 
alkyl groups are stable in the absence of catalysts. 
High molecular weight alkyl groups undergo 
further secondary reactions with the formation 
of paraffins and olefins. Severe conditions may 
cause some breaking, down of the cyc/oparaffin 
rings. 


Aromatic liydrocarbons play an important role 
in cracking. Their main n^actions involve de¬ 
alkylation with sy)litting off of long side chains 
and condensation of ]jrimary radicals to produce 
paraffins, olefins, and aromatics with alkyl sub¬ 
stituent groups of low molecular weight. Con- 
dcn.sation rca(!tions occur Indwcen different 
aromatics and between aromatics and olefins. 
The polycyclic condensation products formed 
from simpler aromatics account for the ultimate 
formation of asphaltic compounds and coke.®® 
The factors involved in the cracking process 
which determine yields and quahties of products 
are: (1) the type of oil cracked; (2) tempera¬ 
ture ; (3) pressure; (4) time; (5) catalysts. 

The character of the oil charged exerts a marked 
influence on the properties of cracked products. 
The relative proportions of the different hydro¬ 
carbon groups that are present, and their mutual 
influence on each other under cracking conditions, 
determines to a large extent the composition of 
I the gasoline produced and the suitability for 
recracking of the heavier products. The relative 
proportions and types of paraffins, naphthenes, 
and aromatics in a primary charge vary with the 
crude oil from which the charge is obtained. The 
boiling-point range of the charge has a definite 
influence on the degree of cracking under a given 
set of operating conditions. Lower boiling-range 
charging oils are more difficult to crack and 
require higher temperatures, pressures, and times 
for comparable yields of products. Thus a 
straight-run gasoline may require temperatures 
as high as 692-650°c. (1,000-1,100°r.) for its 
cracking or reforming, while a fuel-oil residuum^ 
may be extensively cracked at temperatures of" 
427-482°o. (800-900 °f.). A charging stock of 
wide boiling-range is more difficult to crack 
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successfully than one. of narrower range, since the 
optimum conditions for the lighter components 
are considerably different from those suited to 
cracking the heavier portions of the oil. The 
boiling range of the charge determines the phase 
under which cracking occurs. If the tempera¬ 
tures employed are above the critical for the 
major portion of the hydrocarbon components, 
cracking will occur in vapour phase. Higher 
boiling oils will undergo decomposition under 
mixed phase conditions. No commercial crack¬ 
ing process operates completely under liquid 
phase conditions, since cracking produces low- 
boiling vapours and gases, and mixed phase 
(conditions soon obtain. 

Temperature is the most important single 
factor in cracking. The rates of cracking are 
usually based on the production of gas and gaso¬ 
line, and many calculations have been made to 
obtain some definite relationship between crack¬ 
ing rates and temperature. While some of the 
(expressions developed are of interest in showing 
the order of the rate-increase with temperature, 
no expression is applicable to all cases. A 
temperature must be chosen at which cracking 
is negligible for all stocks, and the temperature 
effects dissociated from the effect of pressure and 
time, which makes experimental confirmation of 
any equation extremely difficult. Between tem¬ 
peratures of 400° and G20°c. (750° and 1,150°f.), 
numerous estimates indicate that the rate of 
cracking doubles for an increase of about 14°c. 
(25°f.) in temperature. Since the relative 
amounts of gas and gasoline produced vary not 
only with charging stocks but with temperature, 
pressure, and other influences, such statements 
should only be considered as approximations. 
As the temperature rises, the rate of increase in 
cracking decreases. 

The effect of increased pressures on the rate of 
(Tacking and the character of cracked products 
is complicated by the difficulty of dissociating 
pressure effects from the concurrent effects of 
other variables. As pressures are increased, less 
vaporisation occurs, and there is generally a 
lower yield of gaseous products. The use of 
super-atmospheric pressures in cracking plants 
permits the use of higher temperatures while 
maintaining mixed phase conditions, since at 
atmospheric pressure the constituents of a 
charging oil are cracked or vaporised and decom¬ 
position reactions occur mainly in vapour phase. 
Higher pressures apparently favour the forma¬ 
tion of gasolines containing lower percentages of 
olefins, but this again depends upon the. nature 
of the charging stock, since olefins are produced 
mainly from the paraffinic constituents. In a 
cracking coil charged at a fixed rate, higher 
pressure increases the time during which the oil 
is at cracking temperature due to the higher ratio 
of liquid to vapour. Increased pressure is sup¬ 
posed to favour secondary polymerisation re¬ 
actions among primarily formed olefins, although 
many experimental data have been accumulated 
which contradicts this assumption. Condensa¬ 
tion reactions are favoured at high pressures 
since gasdlines thus produced show generally 
higher percentages of naphthene hydrocarbons. 

Low pressures corresponding to vapour-phas^ 
conditions favour dehydrogenation and cyclisa- 


tion reactions, and hence formation of hydrogen, 
normally gaseous hydrocarbons and aromatic 
hydrocarbons. 

The time factor in cracking is an extremely 
complex variable to calculate. During passage 
of charging oils through a tube, vai^orisation, 
cracking, and gas formation occur so that the 
total volume of the fluid stream progressively 
increases. Since the rate of increase is not 
strictly a linear function, the volume at a given 
point cannot be determined and the average 
volume is never the arithmetic mean of the enter¬ 
ing volume of charge and the outgoing volume 
of products. In commercial cracking-coils both 
temperature and pressure increase along the line 
of flow to further complicate computations of the 
time factor. Sufficient time is never given for 
reaching equilibrium at the given temperature 
and pressure, but a charging rate is adopted 
which yields the best quantity and quality of 
gasoline under the chosen temperature and 
pressure of operation. 

The precise effects of catalysts in craclung are 
even more difficult to assess than in many other 
catalysed processes of lesser complexity. Cata¬ 
lysts are employed both to permit the use of 
lower temperatures and pressures, and to modify 
the course of the cracking reactions so that pro¬ 
ducts of more desirable properties are obtained. 
Aluminum chloride was one of the first catalysts 
to l>e employed in the cracking process. This 
catalytic material produced gasolines containing 
minimum amounts of unsaturated hydrocarbons 
and composed mainly of paraffins and cydo- 
paraffins. However, gasolines of this character 
did not possess as high anti-knock values as 
those containing olefins and aromatics produced 
by strictly thermal cracking operations. This 
deficiency in quality along with the costs of 
regenerating the spent aluminium chloride 
sludges ultimately led to the abandonment of 
the commercial process. 

Other catalysts employed in cracking have 
been various metals and metal oxides, par¬ 
ticularly ferric oxide. These types of catalysts, 
particularly the metals, cause rapid and ex¬ 
tensive decompositions which are difficult to con¬ 
trol. Coke deposits are soon formed and the 
catalytic surfaces are rendered inactive. None 
of the processes employing such catalysts have 
proved practical except those employing 
aluminum oxide. 

In a later development, certain types of 
refractory silicate catalysts have been developed 
which combine stability under high temperatures 
of cracking and catalyst reactivation, and modify 
the extent and course of the cracking reactions 
to produce gasolines having higher octane ratings 
than those obtainable by the operation of the 
best non-catalytic processes. The first success¬ 
ful catalysts of this type were certain natural or 
activated aluminium silicates, particularly Ben¬ 
tonite and Montmorillonite (v. Vol. I, 663d). 

One of the major developments in catalytic 
cracking has been the production of synthetic 
catalysts of a refractory character consisting 
essentially of composites of precipitated silica 
and precipitated alumina, with the latter in 
minor proportion. The composites may be pro¬ 
duced either by simultaneous co-precipitation of 
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hydrated silica and hydrated alumina, by 
separate precipitation and mixing, or by precipi¬ 
tating one component in a suspension of the 
other. Co-precipitation may be practised by 
mixing sodium silicate and sodium aluminatc 
solutions in proper proportions and adding a 
mineral acid until the pH value is approximately 
6. A better method of co-precipitation is by the 
addition of ammonium chloride to a mixed solu¬ 
tion of an alkali metal silicate and alkali metal 
aluminate, or an alkali metal silicate and an 
aluminium salt. 

Several alternative methods of separate pre¬ 
cipitation and mixing of silica and alumina are 
employed. Hydrated silica is precipitated by 
the acidification of alkali metal silicate solutions, 
and hydrated alumina by the addition of am¬ 
monium hydroxide to aluminium salt solutions. 
The separately prepared hydrates can be mixed 
to form the composites, or the silica may be 
separately precipitated, washed, and suspended 
in the aluminium salt solution after which 
hydrated alumina is thrown down by the addi¬ 
tion of alkaline reagents such as ammonium 
hydroxide. The silica-alumina composites are 
w^ashed with water, weak acids, ammonium salts, 
or heavy metal salts to effect the substantially 
complete removal of alkali metal ions. The 
water washing removes readily soluble salts, 
acids such as sulphuric or hydrochloric react 
with and dissolve alkali metal ions absorbed in 
or combined with the silica or alumina, and the 
bases in the ammonium or heavy metal salts 
displace the same types of ions. Subsequent 
heating drives out water, acids or ammonia and 
leaves small amounts of oxides of heavy metals 
if these have been a displacing agent. The 
catalytic activity of silica-alumina composites is 
greater than the sum of the activities of the silica 
and alumina used alone, this being a definite case 
of joint promotional activity, coming under the 
heading of synergism. 

There are certain processes, most of them 
catalytic, which are used to increase the yield 
and quality of motor fuel from cracking. Gases 
from cracking plants contain substantial amounts 
of ethylene, propylene, and butylenes, although 
there are larger amounts of ethane, propane, and 
butanes. Catalytic processes have been de¬ 
veloped which synthesise high octane rating 
hydrocarbons from these by-products, which for 
a long time were utilised only for their fuel 
values. The synthetic hydrocarbons produced 
by these processes have higher anti-knock 
ratings than the cracked gasolines themselves, 
and consequently they increase both yield and 
quality of the motor fuel. At present the hydro¬ 
gen, methane, ethane, and ethylene in cracked 
gases are used principally for fuel, but the pro¬ 
pane, propylene, butanes, and butylenes are ex¬ 
tensively converted to motor fuels or other pro¬ 
ducts. The reactions employed include poly¬ 
merisation, alkylation, dehydrogenation, and 
isomerisation. 

The gases from cracking as well as those from 
natural gas and petroleum gases are also used 
to make sjmthetic products other than motor 
fuel. E.g., benzene is alkylated with ethylene 
to produce ethylbenzene, which is then dehydro¬ 
genated to styrene for use in synthetic rubber 


[ manufacture. Both ?i-butane andn-butylenes are 
' dehydrogenated to produce butadiene, another 
base material required in synthetic rubber 
manufacture. 

w-Butane is isomorised to t>obutane which is 
alkylated with olefins to produce Mooctanes and 
other high anti-knock paraj0&n hydrocarbons. 
Isomerisation of pentanes and hexanes furnishes 
isopentane for aviation fuels, and branched chain 
hexanes of high anti-knock value. The de¬ 
hydrogenation of eyeZohexane and methylcyc/o- 
hexane present in selected petroleum distillates 
yields benzene and toluene in quantities 
separable by solvent extraction and azeotropic 
distillation. 

Polymerisation. 

By forming polymers of the propylene and 
butylenes present in cracked gas mixtures, the 
yield of cracked gasoline based on the oil 
cracked is augmented by 2-3%. Of the normally 
gaseous olefins, isobutylene is the most easily 
polymerised and ethylene is the most difficult. 
w-Butylene and propylene are intermediate in 
their activity. L9oButyleno in admixture with 
other gaseous olefins may be selecdively poly¬ 
merised to form trimethylpentenes (principally 
the 2:2:3- and 2:2:4-compound8), which are 
readily hydrogenated to the paraffin hydro¬ 
carbons of similar structure which possess octane 
numbers from 95 to 100. Other processes are 
concerned witli polymerisation of all the olefins 
present in cracked gases to produce gasolines 
having octane numbers from 80 to 82. The 
hydrocarbon mixtures most commonly utilised 
in polymerisation processes are those containing 
principally propane, propylene, butanes, and 
butylenes, which are obtained in stabilising 
cracked gasolines to reduce their vapour pressure 
to the usual specified value of 10 lb. Reid. A 
typical analysis of such a mixture obtained from 
the stabiliser of a thermal cracking plant is given 


in Table XX.^^ 

Table XX. 



Methane . 

.110 

Ethylene . 

.60 

Ethane 

.190 

Propylene 

...... 18-5 

Propane . 

.35-5 

Butylenes 

.60 

Butanes . 

.60 


Thermal Processes. 

The liquid products obtained by subjecting 
cracked-gas mixtures to uncatalysed thermal 
treatment at temperatures of 471-593°c. (880- 
1,100®F.) under pressures of 800-1,000 psi.*® are 
not all formed by olefin polymerisation reactions. 
Such products contain, in addition to normally 
liquid olefin polymera, naphthenic, aromatic, and 
paraffin hydrocarbons. Pressures of about 1,000 
psi. produce more olefinic products, while the use 
of temperatures of 640-704'*o. (1,200-1,300 ®f.), 

: and pressures under lOO psi. produce fewer liquid 
olefins and higher amounts of aromatics, owing 
to dehydrogenation and cyclisation reactions. 
Hie thermal process is applied to paraffinic gas 
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mixtures which are first cracked to produce 
olefins in a primary operating stage, and then 
subjected to higher pressure in a secondary stage 
to effect ^lyrnerisation and condensation re¬ 
actions. In the poly-forming or gas reversion 
process, mixtures of propane, propylene, 
butanes, and butylenes are dissolved under 
pressure in a gasoline which is to be reformed, 
and polymerisation of the olefins occurs during 
reforming, so that the reformed products con¬ 
tain thermal polymers. The reforming con¬ 
ditions are not severe enough to cause appreci¬ 
able cracking of the dissolved paraffins. 

Catalytic Processes. 

Catalysts which accelerate and control the 
polymerisation of normally gaseous olefins in¬ 
clude : (1) sulphuric acid; (2) solid phosphoric 
acid ; (3) metal p 3 ^rophosphate 8 ; (4) clays and 
fuller’s earths. 

Sulphuric Acid .—Sulphuric acid of 60-70% 
concentration selectively absorbs isobutylene 


from cracked gas mixtures at ordinary or slightly 
elevated temperatures.®^ The sulphuric acid 
contains, in addition to the tert.-hutyl ester, a 
certain amount of ier/.-butyl alcohol which has 
been assumed to exist in the form of an “ alJk- 
oxonium” ion (C^HgOHg'^). The acid is then 
passed through a coil and heated to 100°c. 
(212°f.) to form dii^obutylene and regenerate the 
acid. The diisobutylene hydrogenates to 2:2:4- 
trimethylpentanc, two-thirds of the isobutylene 
in the cracked gas mixture being converted to 
this i^ooctane. 

Fig. 25 shows a plant flow for the selective 
polymerisation of i.sobut 3 dene to dimer using 
“ cold ” sulphuric acid at temperatures of 20- 
35°o. (68-95 °f.). A mixture of four-carbon-atom 
hydrocarbons containing t^vobutylene, n-buty- 
lone, ijsobutane, and n-butane is pumped into the 
plant and mixes with recirculated acid contain¬ 
ing some ferf.-butyl alcohol. A rapid circulation 
is maintained in a primary water-cooled reactor 
after wdiich the acid-hydrocarbon mixture 


Spent C4 



passes to a separator. The hydrocarbon layer 
from the primary separator passes to a second 
reactor where it reacts with recirculated acid 
from a final separator. Complete absorption 
of isobutylene takes place and the absorbed 
butanes and normal butylenes are removed and 
the acid layer is returned to the primary reactor. 
The acid layer from the primary separator is 
heated with steam in a polymeriser to form the 
diwobutylene and regenerate acid for the second 
reactor. The octane number of the diwobuty- 
lene mixture, which consists principally of 2:4:4- 
trimethy]penteno-l and 2:4:4-trimethylpentene- 
2, is 84. 

In the “ hot ” sulphuric acid process a 65% 
acid is used at temperatures of 88~93°c. (190- 
200 °f.). The acid and the cracked gas mixture 
continuously react in a mixing device, and 
the transitory esters and alcohols formed by 
the interadtion of butylenes and the acid are 
rapidly decomposed so that in effect olefin 
polymers are formed by true catalysis. The use 


of the hot acid polymerises all of the isobutylene 
and a portion of the n-butylenes, and while the 
octane number of the polymer products is slightly 
lower (about 82), the yields from a given gas 
mixture are almost doubled. The yield and 
quality of the polymers is subject to control by 
varying acid strength between 63 and 72%, and 
varying the temperature between 74° and 100°c. 
(165° and 212°r.). The completion of the re¬ 
actions usually requires between 10 and 16 
minutes; during which rapid circulation of acid 
and hydrocarbon is maintained in the reaction 
zone. 

Fig. 26 is a flow diagram of a hot sulphuric- 
acid polymerisation plant. A charge consisting of 
butanes and butylenes is introduced into an acid 
recirculating line and pumped through a reactor 
cooler which prevents undue temperature rise. 
The mixture of acid and h 3 ^drocarbon 8 is then 
passed into a reactor time-tank and then into a 
reactor separator in which a hydrocarbon layer 
and an acid layer form. A portion of the acid- 
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hydrocarbon mixture is recirculated, with all of 
the acid layer, along with some fresh acid. The 
hydrocarbon layer from the separator passes 
through a reactor product cooler and then to a 
final acid separator from which spent acid is 
withdrawn. The hydrocarbon layer is ncu- 
trahsed with sodium hydroxide and debutanised. 
The polymer and sodium hydroxide solution are 
then passed through a hydrolyser time-tank for 
the breaking up of hydrolysafile acid com¬ 
pounds ; the hydrocarbon layer from a hydro¬ 
lyser separator is passed through a second j 


debutaniser and the polymers are distilled to 
recover a dimer product consisting of a mixture 
of octenes. The yield of octenes is about equal 
to twice the isobutylene content of thd' feed stock 
when there is more n-butylone than isobutylemi 
present in the original stock, which is usually the 
case. 

The comparative results obtained in poly¬ 
merising butylenes with about 65% sidphuric 
acid at diflerent temperatures is shown in 
Table XXI. Comparing the effect of the acid on 
the same butylenes and butane mixture in the 



Pump 

¥iq. 26. 


first two columns, less polymer was produced at 
the lower temperature but the octane rating of 
the hydrogenated octenes was higher, indicating 
a more selective polymerisation of isobutylene 
to 2:2:4-trimethylpentene. At the two higher 
temperatures employed, all of the isobutylene 
was polymerised and 8-9 times the amount of 
normal butylenes, although the octane rating of 
the hydrogenated polymera averaged 99 . 

“ Solid Fhosphoric AcidF —V. N. Ipatieff and 
associates, working in Universal Oil Products 
Company laboratories, discovered that phos¬ 
phoric acids and “ solid phosphoric acid ” 


catalyse the polymerisation of gaseous olefinic 

hydrocarbons. es. 64. 65. 66. 67. es. eu 

mechanisms of the reactions* are essentially the 
same as those which take place when employing 
sulphuric acid. At low temperatures esters are 
formed, and at high temperatures they are 
decomposed to yield olefin polymers. In poly¬ 
merisation plants operated as adjuncts to com¬ 
mercial cracking plants, solid ^anular phos¬ 
phoric acid catalysts are employed which consist 
of a , major proportion by weight of an acid 
approximating to the pyro-aoid, H 4 P 2 O 7 , in 
composition and a siliceous material. In such 
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Table XXI.— Comparative Efficiency, Cold- extruded and cut into short lengths. The 
Acir> AND Hot^Acid Polymerisation. particles arc giadually heated to a temperature 

between 300^' and 5()()°c. (572° and 932°f.), and 
treated with steam at about 300°c. (572°r.) to 
rehydratc the acid to optimum composition.'^® 
Such catalyst particles are used as filler in 
reaction chambers through which olefin-contain¬ 
ing gases are passed at temperatures of 150- 
20()°c. (300-500°f.), and pressures of 100-400 psi. 

Gases to be treated with “ solid phosphoric 
acid ” catalyst are first purified to remove 
hydrogen sulphide, ammonia, tind amines before 
coming in contact with the catalyst, since the 
catalyst is poisoned by bas(‘H, and in contact 
with it any hydrogen sulphide present com¬ 
bines with olefins to form merc^aptans. After a 
j)eriod of service during which the catalyst be- 
('oiiM^s coated with tarbonaceous deposits, the 
stream of gas is divert-ed to a chamber containing 
unused catalyst, and the spent catalyst is re¬ 
moved and replaced by fresh material. 

Fig. 27 shows the flow in a polymerisation 
plant designed to produce polymer gasoline 
from cracked gases.One to four reactors are 
used, depending upon the size of the unit, 
cracked gas mixture being admitted at a tem¬ 
perature of 149-204°c. (300-400 °f.). The tem¬ 
perature rises in the catalyst chambers duo to 
coiuposit(*s, a large proportion of the acid is the exothermic character of the polymerisation 
present ni the form of phosphosilicate com- reaction. The liquid products are stabilised and 
plexes. the unpolymerisod olefins returned to further 

In the manufacture of such materials, pyro- catalytic treatment. Four to nine gallons of 
I)hoH 2 jhoric acid and diatomaceous earth are gasoline can be obtained per thousand cubic feet 
mixed to a pasty consisteru^y and the paste is of gas, depending upon its olefin content. 



1. 

acid 05%, 05% 

80-35''0. acid, 

(86- 80"C. 

05"F.). (170"F.). 

Feed conii)OBitioii ; 

AJ>'oJmtylcne, % by 
weight .... JS-f) LS-5 9-1 
n-Jiutyleue, % l>y 

weight .... 280 28 0 20 0 

Butanes, % by weight 53-5 58-5 70-8 

ProdU(;ts; 

isoButyleiie, % . . 2-4 0 0 

w-Bulylcnes, t’,, . . 20 6 151 11-4 

Butanes, . . , 53 5 53 5 70-3 

Bolynior, % . . . ]7-5 31 4 18-3 

ueJiiitylene l>i>ly- 

merised, % . . . 87 0 JOO O 100 0 

w-Butylenes poly- 


incrist'd, % . . . ‘ 

' 5-() 

4()U 

44-5 

'J’otal elelliiH ]>oly- 
iiKuisoil, % . . '. 

37-5 

67-5 

61-5 

Com position of polymer : 
Octeiu'.s, . 

75 0 

88-0 

92-0 

Octaue rating of I 13 dro- 
gpiiated octones . 

ioo-o 

99-2 

98-8 



li. 

65<;o 

acid, 

90"c. 

(194“f.) 


The operating conditions and yields of pro- In order to polymerise wobutylene selectively 
ducts from a plant similar in construction to that to octone dimers with solid phosphoric acid, 
in Fig. 27 operating upon a gas mixture obtained temperatures of the order of 150°c. (302°f.) and 
in reforming a Mid-Continent siftaight-rmi gaso- pressures of 700 psi. are employed in treating 
line are given in Table XXII. Such a poly- mixtures containing essentially only butanes and 
merising operation produces maximum yields of butylenes. When treating gases containing 
polymer for blending with refinery gasoline and propylene and butylenes with solid phosphoric 
is known as non-selective operation.” The acid catalyst, the octane rating of the polymer 
process gas from the cracking plant stabiliser product is in general inversely proportional to 
which contained 0*8% of hydrogen sulphide was the temperature employed, the yields of polymer 
first treated with sodium hydroxide solution at following the opposite rule. By polymerising 
06°o. (160°f.) to reduce the hydrogen sulphide wobutylenos with a limited amount of n- 
content to below 0*01%. butylenes, “ codimer ” is produced, which when 
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Table XXTI. 


operating conditions: 


Pressure, psi. 

160 

Temperature. 

246^0. ; 475'^F, 

Inlet gas rate, cu. ft. per hr, . 
Outlet gas rate, cu. ft. per hr. 

3,.'i20 

2,617 

Higher olefin content of inlet gas : 

propylene and butylenes, % . 

24 4 

Higher olefin content of outlet gas : 


propylene and butylenes, % . 

9-7 

Olefin polymerisation: propylene 


and butylenes, %. 

71.0 

Liquid polymer production ; gallons 


per 1,000 cu. ft.! 

3-6 

Properties of crude liquid polymer : 


Sp.gr. 

0-7121 

A.IM. gr. 

67-2 

Oum, mg. per 100 c.c. (copper dish) 

.51 

Gum, ing. per 100 c.c. (air jet) 

H) 

Octane number (C.F.ll. motor 


method). 

82 

Held vapour pressure at 38°(\ 


(100°F.), lbs. 

10-6 

100 c.c. A.S.T.M. distillation : 

^0. °F. 

Initial b.p. 

34 94 

% distilled over; 


10. 

70 158 

50. 

102 215 

90. 

167 333 

End point. 

213 415 


hydrogenated yields “ hydrocodimer ” which 
has an octane numl>er of about 92. In com¬ 
mercial plants, two different sets of operating 
conditions are employed in the manufacture of 


I codimer. In one, a reactor inlet temperature of 
166^0. (330'’f.) and a pressure of 600 psi. is 
employed, and in the other an inlet temperature 
of I82V. (360®f.) and a pressure of 1,100 psi.*® 
Under the second set of operating conditions, 
more liquid phase is present and a washing effect 
maintains catalyst activity for Ignger periods of 
time. Hydrocodimer consists principally of iao- 
octanes and is an important constituent of 
aviation gasoline blends. During the Second 
World War, polymerisation plants originally 
designed for producing polymer gasoline have 
boon f)perated at reduced temperature to pro¬ 
duce codinier to be converted into aviation 
gasoline by hydrogenation. Since the war 
ended, most of these plants have roturne;d to 
higher temperature operation which produces 
polymer gasoline by polymerising propylene and 
the butylenes present in Cg, C 4 hydrocarbon 
fractions from cracking plants. 

Fig. 28 shows diagram matically the process 
flow in a plant for producing isooct&noa from 
butanes.®* The butanes arc first dehydro¬ 
genated to butylenes, hydrogen is evolved from 
an absorber using heavy polymer as absorbent, 
and hydrocarbons boiling lower than butylenes 
are di.stilled from a succeeding “ depropaniser.” 
Butylenes and unconverted butanes are distilled 
from the absorbent and passed to a polymerising 
plant operated under proper conditions to pro- 



Fio. ^28. 


duce i^ooctenes. Residual butanes are distilled 
from the liquid products and recycled to the 
primary dehydrogenation step. The isooctenes 
are distilled leaving heavier hydrocarbons as a 
residue and then converted to t^ooctanes by 
hydrogenation in the presence of nickel catalyst 
at a temperature of about 160®c. (320 ®f.) and a 
pressure of 76 psi. 

woButylene is also polymerised to high mole¬ 
cular weight substances having rubber-like 
properties. This produces the commercial pro¬ 
duct known as “ Fwtonea:,” which is formed by 
the polymerisation of isobutylene at low tem¬ 


peratures with boron trifluoride. “ Butyl ” 
rubber is a mixed polymer of about 98% isobuty¬ 
lene and 2% isoprene. “ Vistanex ” cannot be 
vulcanised, although “ Butyl ” rubber is capable 
of vulcanisation. The latter synthetic is highly 
resistant to deterioration by air, ozone, light, 
strong chemicals and many oils and solvents, 
and is highly impermeable to air and other gases. 

Any ethylene present in ' cracked gases or 
fractions thereof is polymerised only to a minor 
extent in processes operated to produce gasoline 
polymers, as it forms relatively stable esters 
with both sulphuric and phosphoric acids. 
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However, some processes using otlier catalysts 
are able to produce oontrollabJy high molecular 
weight substances such as Polythmey This 
material is a x^histic which is used as insulating 
material on high frequency cables. “ Polythene ” 
is tluu rnoplastio and can be readily moulded by 
injec tion or by cornpn^Hsion, or extrude^d to form 
slu^ets, films, fibres, and tubes. It is also used 
in making collapsible tubes for food and cos¬ 
metics. Owing to its unroactivo character, it is 
uscui in gaskets and battery parts. It can be 
deposited as a waterj)r(X)f coating by flame¬ 
spraying or from solutions, and it has valuable 
a( 11 1 <‘si Vc pro])crti cs. 

Metal Pyrophosphates .—The pyro])hosphates 
of copper, zinc, magnesium, and mercury, and 
the orthophosphate of cadmium can be used for 
))olymcrising normally gaseous olc'fins. Com¬ 
mercially, the copper compound is the only one 
em})loyed. The o]H‘ra.ting procedure is similar 
to that employed with the solid j)hosphoric acid 
catalyst. 

Clays and Fuller's Farth .—Granular ab- 
sorbcuits can be uschI to polymerise olefins and 
diolefins. However, they are not used com¬ 
mercially for the production of motor fuel from 
the olefins in cracked gas mixtures. 

Granular fuller’s earth lias been used for a long 
time in removing diolefinic gum-forming con¬ 
stituents from ('racked gasolines. In the Gray 
vapour-phase process, the vapours of approxi¬ 
mate gasoline boiling-range from the fractionator 
of a ci’acking plant are passed through sta¬ 
tionary beds of fuller’s earth to form heavy 
li(piid polymers which are drawn from the 
trc'ater. In some cases, this treatment is 
adequate for the production of marketable 
gasoline dirc'ct from the cracking plant. 

Rolymerisation of olefinic gases t-o polymer 
gasolines has been brought about experimentally 
by contact with certain natural and synthetic 
aluminium-silicates.’^ The natural products 
are bentonites and montmorillonitcs and poly¬ 
merisation can be brought about at moderate 
toraporatures of from 150 to 250°c. (302 to482'^F.). 
The synthetic materials are hydro-aluminium 
silicates or the composites of silica and alumina 
used as cracking catalysts and are made by 
combining major proportions of silica gels with 
alumina gels in various ways. Prepared silica- 
alumina complex composed of about 10 parts of 
silica is effective at i()5°c. (329 °f.) and 700 psi. 
pressure in producing a yield of about 35% of 
polymer from a mixture of butylenes. The 
regenerated catalyst, after burning off carbon 
deposits, shows higher activity than the fresh 
material and produces polymer in about 65% 
yield based on the butylenes treated. 

Dehydkogenation. 

In the treatment of petroleum fractions to im¬ 
prove their properties or convert them into more 
valuable products, dehydrogenation reactions, 
both thermal and catalytic, are of great imp()r- 
tance. A certain amount of dehydre^enation 
occurs in thermal and cjatalytic cracking and 
accounts in part for the observed yields of olefins 
and aromatics. By the catalysed dehydro¬ 
genation of butanes, the corresponding butylends 
Vou IX.—23 
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arc produced, and by the further dehydro¬ 
genation of 7i-butylenes butadiene is formed. 
The catalytic dehydrogenation of cyclopnniilwH 
produces the corresponding aromatics so that, 
e.(/., benzene is produced from cyc/ohexane and 
tohauie from methylc//c/ohexaij('. 

Dehydrogenation of Paraffins. 

Normally gaseous paraffins (‘omju’ising ethane, 
proparu!, and the butanes undergo eJehydro- 
genation in the absence of catalvsts at tempera¬ 
tures of ()00-700°c. (i,ll2-l,292"F.), although 
better yields of olefins are obtaiiu'd when 
catalyst is emjdoyed.’- Tlu^ comnu^rcial cata¬ 
lysts for dehydrogenating gaseous paraffin or 
olefin hydrocarbons are mixtuies of aluminium 
oxide and chromium sescpiioxide (CrgOjj). In 
such mixtures the chromium oxide is in minor 
pro])ortion,-usually less than 12% by weight. 
Pure ch?-omium oxides are less efficient sincie 
tlu^y are short lived. Other oxides of the sixth 
group of the periodic system, such as molyb¬ 
denum oxides and turjgst('.n oxides, are effective 
and to a lesser extent oxides of vanadium, repre- 
HiMitativ e of the elements in the left-hand column 
of the fifth group. Alumina-chromia catalysts 
are highly selective in dehydrogenating the 
gaseous paratfins at temperatures within the 
range of 450-750%\ (842-1,382°f.) at ordinary 
or slightly super-atmospheric pressures. Highest 
yields of mono-olefins and minimum yields of 
by-j)roducts are obtained when the (‘(mversion 
per pass is held below 30% and the unc'onvertcd 
paraffin is recycled after separation of the olefin. 
In commercial practice, the catalysts are used 
for limited periods of time of about I hour, then 
decarbonised by oxidising gas mixtun's to re¬ 
activate them for further service. 

In catalytic-ally ch-hydrogenating paraffins, the 
optimum tenqu'rature for oh^fin production is 
lower as the molecular weight increases. F-g., 
using alumina-chromia catalyst at atmospheric 
pressure, the best temperatures for ethane arc 
fi50-700'^'c. (1,202-1 ,292°f.), for propane 500- 
()50°c. (1,022-1, 202°f.), and for butanes 525- 
580‘’c. (977-1, ()76'’f.). The optimum conversions 
per pass of the lower molecular weight paraffin 
hydrocarbons have been given as follows : 


Ethane.9-5 

Tropane..28-2 

?i-Butane .52-3 

i^oButane.60-0 


As molecular weight increases, carbon to carbon 
bond splitting increases and increased arnoimts 
of decomposition products are obtained. 

The dehydrogenation process is emph\ved 
commendally to increase the olefins available 
for polymerisation to gasoline and for the 
alkylation of aromatics and Moparaffins. De¬ 
hydrogenation of butanes is employed to produce 
butylenes needed in the manufacture of iso- 
octanes, in the allcylation of i^obutane to form 
aviation alkylate, and for further dehydrogena¬ 
tion to butadiene. The products are butylene s, 
hydrogen, unconvei'tcd butanes, and small per¬ 
centages of methane, ethane, ethylene, propane, 
and propylene. By limiting the conversion per 
pass to 30%, ultimate yields of butylenes are of 
the order of 90%. 
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Fig. 29 shows llio flow in the Universal Oil 
Products Company butane dehydrogenation 
process.The butane is heated to a tempera¬ 
ture of (9r>0-l,tK)0''F.), and dehydro¬ 

genation lakes pla(.*e during passage through a 
reactor containing alumina-chromia catalyst 
while the catalyst in a parallel reactor is under¬ 
going reactivation. The dehydrogenation pro- i 


I ducts undergo heat exchange with the charge 
and are washed with oil in a gas scrubber. 
Dehydrogenating reactions are endothermic and 
the reactors are of the lieat exchanger type with 
heat being transferred from the catalyst in the 
reactor undergoing regeneration to the pro¬ 
cessing reactor by means of a circulating fluid 
such as flue gas or a molten salt mixture. 


Reactors 



The principal data obtained in dehydro¬ 
genating two gas mixtures arc shown in Table 
One mixture was principally n- 
butaue and another was principally isobutanc. 


Table 

XXllI. 




i.soIUitanc. 

Space velocity, per 



hour. 

1,450 

1,320 

Average temperature of 



catalyst, °c.; 

531 ; 087 

538; 1,000 

Inlet pressure, psi. 

52 

60 

Outlet pressure, psi. . 

18 

5 

Inlet gas: 

Composition (mol. %): 



CsHg .... 

1-0 

4-6 


16*7 

77*1 

w-C^Hjo 

82-3 

18-3 

Outlet gas: 

Composition (mol. %); 



. 

181 

18-4 

CH 4 .... 

1*7 

1-8 

C 2 H 4 and CgHg . 

0-19 

— 

CgHe .... 

0-9 

1-2 

CgHg .... 

1-5 

4.4 

iso-C 4 Ho ... 

3-2 

13*3 

. . . . 

170 

3-4 

C 4 H 10 .... 

66-7 

57*6 

Conversion (mol. C 4 H 8 



converted per 100 



mol. C 4 H j 0 charged) 

28* 1 

24*9 

Efficiency (mol. C 4 H 8 
per 100 mol. C 4 H 10 



converted) 

91*0 

88-0 

Yield per pass (mol. 
C 4 H 8 per 100 mol. 



C 4 Hij> charged) . 

26*0 

21*8 


The gas mixtures were passed over alumina- 
chromia catalysts at the temperatures and 
pre 6 sure.s indicated, and the yields of 2 G-U and 
21 - 8 % of butylenes were obtained in the two 
runs with conversion efficiencies of 91 and 88 % 
i respectively. Recycling of unconverted butanes 
gave ultimate butylene yields of 85%. 

Diolefins from Paraffins or Mono- 
j olefins. 

By further dehydrogenation of mono-olefins 
produced in dehydrogenating paraflins, satis¬ 
factory commercial yields of diolcfinie hydro¬ 
carbons are obtained. Thus, normal butylenes 
resulting from the dehydrogenation of normal 
butane may react in a second process stage 
with a dehydrogenating catalyst to produce 
yields of butadiene of around 25%. Using 
alumina-chromia catalyst, a temperature of 
580“c. (1,175 °f.), pressures of one-tenth to one- 
fifth atmospheres absolute, and a space velocity 
of 400-600 are employed. By recycling of un¬ 
converted butylenes, ultimate yields as high as 
75% are obtainable.’® 

As a variation of this two-stage proccdiiro, 
butadiene is produced in a single-stage with 
recycle of a separated mixture of butanes and 
butylenes, this procedure requiring inter¬ 
mediate temperatures between those optimum 
for mono-olefin production from paraffins and 
those best suited for producing diolefins from 
mono-olefins. Higher efficiencies are obtained 
when higher per cents, of normal butylenes are 
present in the mixture in cxjntact with the 
catalyst. In the single-stage process, absolute 
pressures from 0-25 to 0*33 atm. are commonly 
maintained. 

In the Houdry process for manufacturing 
butadiene by dehydrogenation of butane, 
catalysts of the alumina-chromia type are em¬ 
ployed and a butane-butylene fraction is 
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recycled after HCparation of butadiene.’® The 
reactors utilise the adiabatic principle, storing 
heat produced in the I’egoneration cycle in ari 
inert material mixed with the catalyst and 
releasing the stored hc^at to the reacting hydro¬ 
carbons in the dehydrogenation period. Tem¬ 
peratures of 505—693'c. (1,050-1,1()0°F.) and 
absolute pressures of about 2-5 psi. are used. 
Composition of the charge to the dehydro¬ 
genating reactor, the composition of the pro¬ 
ducts from the unit along with the temperature, 
pressure, and charge rate are shown in 
Table XXIV. 


Table XXIV.— JIoudry Sinole-Staoe 
Butadiene Process. 


Operating conditions : 
Catalyst temperature 

515"c., 1,070 "f. 



(average) 

Pressure, inches Hg. 
abs. 

4-9 


Charge rate, Hpac(^ 
velocity * . . . 

2-7 


Yields, % weight: 

Charge, 

Product. 

C 3 and li<j[ liter . 

2-2 

3*7 

i'foButano 

0-9 

1*9 

isoButylene . 

2*1 

2*5 

Butylene . 

23 1 

23*1 

n-Butane ... 

67*0 

53*3 

Butadiene ... 

3*8 

12*7 

C 5 plus . . . . i 

, 0*9 

1*7 

Cok^. 1 

— 

1*2 


100*0 

100*0 


• Volume of gas per volume of catalyst space per 
hour. 


A simplificfl flow chart of the single-stage unit 
is shown in Pig. 30. 

The a-butane is preheated in a furnace along 
with the unconverted butane-butylene cut re¬ 
cycled from the butadiene extraction unit. The 
catalytic battery comprises six reactors, although 
it could be built with three reactors of same total 
capacity. 

After passing through the catalyst bed the 
hydrocarbons are cooled by direct spraying with 
oil, compressed, aiul sent to a vapour recovery 
system of conventional design whore a cut of 
butadiciie-butylenc'butane is obtained. Buta¬ 
diene is extracted and purified by solvent or a 
combination distillation-solvent extraction, and 
the remaining “ B-B ” cut returned to the pro¬ 
cess as recycle stock. 

Isoprene is producible from isopentane, iso- 
pentenes or their mixtures.” Using the 
aliiraina-chromia catalyst at temperatures of 
615-660^0. (1,139-1 ,220 °f.) and sub-atmospheric 
pressures of the order of 80 mm. of mercury 
absolute, overall recycle yields of 94-4% by 
weight of isoprene are obtainable from iso¬ 
pentane, 95*8% from a 50:50 mixture of iso- 
pentane and wopentene, and 97-1% from pure 
i^opentene. 

In one application of dehydrogenation pro¬ 
cesses ethylbenzene is converted to styrene, the 
hydrocarbon which is co-polymerisod with 
butadiene to make synthetic rubber for tyros. 
Some processes use no catalyst and merely crack 
the ethylbenzene vapours to make moderate 
yields of styrene. In one commercial process 
the ethylbenzene vapours are cracked at 700‘"c. 
(l,382°r.) at substantially atmospheric pressure. 
In another non-catalysed process, ethylbenzene 
vapours mixed with superheated steam are 
cracked to produce styrene at temperatures of 
the order of 7C0°c. (1,400''f.) to obtain a yield 



0* e 16 24 32 40 48 56 fttmutes 

Operating Cycle 


Fio. 30. 
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of about 56% based on the charge.^® Another 
process uses 3 mol. of superheated steam per 
mol. of ethylbenzene, a temperature of 650°o. 
(1,200 °f.), and a magnesia-potassium oxide 
catalyst. When using alumina-ehromia cata¬ 
lysts, temperatures of 600-700*^0. (1,112- 

1,292°f.) and sub-atmospheric pressure, ultimate 
recycle conversions as high as 91% are obtain¬ 
able commercially. 

’ Production of Aromatics by Dehydro- 
cyclisation. 

Dehydrogenation f)f hydrocarbons containing 
six or more carbon atoms in straight-chain 
arrangement under mild conditions of time, 
temperature, and catalyst activity can be used 
to produce mono-olefins and diolelins without 
much alteration of molecular structures in the I 
direction of cyclisation. More severe conditions, 
including higher temperature, longer time, and 
more active catalysts result in formation of 
aromatic hydrocarbons by cyclisation reactions. 
Thus, substantial yields of hexenes and hexa- 
dienes, with small amounts of benzene, can be 
produced from n-hexane under certain conditions 
of operation, and major yields of benzene, under 
conditions of increased severity. At 650®c. 
(1,022°f.), using a catalyst consisting of 92% 
by weight alumina and 8% by weight chromic 
oxide, the recycle yields of toluene produced 
from n-heptane are shown in Table XXV.’® 
The yield of the toluene went through a maxi¬ 
mum of 79*5% weight of the theoretical at a 
liquid space velocity of 0*78. A maximum once- 
through yield of 72% weight of the theoretical 
was obtained at a liquid space velocity of about 
0-39. 

Table XXV.— Toluene Recycle Yields. 

Liquid space ve¬ 
locity (volume 
per volume 
catalyst per 

hour) . . . 0 034 0-195 0-385 0-78 5-00 10 00 

Toluene recycle 
yields, weight 
% of theo¬ 
retical . . . 65-7 72-7 78-8 79-5 62-2 GO O 

Dehydrocyclisation of aliphatic hydrocarbons 
to produce aromatics is practised commercially 
in several processes. In the “ cycloversion ” 
process, naphthas from thermal cracking react 
with a catalyst at temperatures of 482-538°c. 

(900-1,000°F.), the naphtha vapours being mixed 
with steam to reduce the partial pressure of the 
hydrocarbons..®® In the “ hydro-forming pro¬ 
cess, straight-run or cracked naphthas are 
vaporised and mixed with hydrogen before 
coming into contact with dehydrogenating 
catalyst.®^ The hydrogen serves to lessen 
carbon deposits on the catalyst without unduly 
suppressing dehydrogenation reactions. When 
using selected fractions containing cyclohexane 
and methylct/cJohexane, benzene and toluene 
result from the dehydrogenation of cycioparaffin 
rings. Aromatic hydrocarbons are recovered 
from the products of naphtha dehydrogenation 
processes by solvent extraction and subsequent 
fractionation of the extracted material. 

Aromatics are also produced by the dehydro¬ 
genation and cyclisation of mono-olefins^ di¬ 


olefins or acetylenes, provided that in all cases 
there are six carbon atoms present in linear 
arrangement. The same catalysts employed in 
the dehydrogenation of gaseous paraffins can bo 
employed in the production of aromatics from 
these higher aliphatics. 

Toluene f rom Petroleum. 

By using a fraction of petroleum boiling wdthin 
the range 93-121°c. (20{)-250 ‘^f.), which has a 
high methylcycZolioxane content and treating 
it with dehydrogenating catalyst in the presence 
of hydrogon( hydro-forming), a product contain¬ 
ing 40-60% aromatics, of which 16-20% is 
toluene, is produced. The aromatics are sepa¬ 
rated by solvent extraction and accurately 
fractionated to produce toluene of high purity 
suitable for nitration. 

Alkylation. 

Synthetic processes are nom in operation 
in the petroleum industry which involve the 
addition of alkyl groups to aromatic, naph¬ 
thenic, and isoparaffin hydrocarbons to produce 
products having improved motor-fuel charac¬ 
teristics or special properties adapting them 
to other uses. In both cracking and treat¬ 
ing certain alkylation reactions occur, but in 
mixtures of large numbers of hydrocarbons of 
varying structure and reactivity there is at 
present little possibility of separating and identi¬ 
fying the products. All alkylation reactions are 
exothermic and in practice provision must be 
made for disposing of the heat of reaction. 

Aromatics. 

The oil industry has both olefins and aromatics 
as products of cracking and dehydrogenation, 
which can be used in the manufacture of al¬ 
kylated aro'matics.®^ This type of reaction has 
been established for some time and can be 
brought about without the u.so of catalysts at 
temperatures of 400-600'’o. (752-932°f.), under 
high pressures of the order of 1,000-2,000 psi. 
One of the important products of aromatic 
alkylation is ethylbenzene for dehydrogenation 
to styrene used in the manufacture of synthetic 
rubber. Another product of aromatic alkyla¬ 
tion is wopropylbenzene (cumene), which is made 
by alkylating benzene with propylene either 
thermally or in the presence of a catalyst.®® 
This compound has anti-knock properties con¬ 
siderably above that of the standard i^ooctane 
and is used as a component of aviation-fuel 
blends. During the Second World War the 
British plants produced a high octane rating 
hydrocarbon mixture consisting principally of 
sec.- and ter^.-butylbenzeno -which was called 
“ Victane.'' Naphthalene is alkylated with 
liquid olefins obtained as a product of cracking 
paraffin wax to produce additives for lubricants 
which act as pour-point depressants. 

The alkylation of aromatic hydrocarbons with 
olefins may employ several alternative catalysts 
among which are aluminium chloride and other 
chlorides of metals such as zirconium, tantalum, 
and zinc, and mineral acids such as sulphuric and 
phosphoric acids. Benzene may be alkylated 
with olefins in the presence of hy^ogen 
fluoride.®* 
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Commercial proccasoB are in operation wherein 
benziuic ia alkylateci with ethylene to make 
ethylbenzene, and with propylene to make iso- 
propylbenzene I'eunnme), nsing the Bolici phos¬ 
phoric acid catalyst emjdoyed in the polymeri¬ 
sation of olefins in the gas inixtures from crack¬ 
ing, reforming, and dehydrogenation processes. 
In alkylating benzene with ethylene in the 
preseiK'c of this tyj)e of catalyst, temperatures 
of 275“-294°c. (626-5f}0''F.) and pressures of bOO 
psi. are employed, while more moderate con¬ 
ditions of 206"’o. (400 ’f.) and 400 psi. are used 
when alkylating with propylene.*^® 

/soParaffms. 

Reactions of still greater importance to the oil 
industry aiul related chcnnical industries involve 
tlie alkylation of iA-oparaflin hydrocarbons.^® 
Normal paraffins are much more difficult to 
alkylate than|^ieir isomers. Prey has reported 
the reaction of propaTio and w-butanc with 


ethylene and propylene under severe tempera¬ 
ture and pressure conditions, and indicated the 
formations of small amounts of pentanes, 
hexanes, and heptanes.®^ V. N. Ipatieff and 
H. Pines, wnrking in Universal Oil Products 
Company ]aboratf)ries, were the first to alkylate 
paraffins with olefins (;atalytically. Early com¬ 
mercial processes involve the alkylation of iso- 
butane with normally gaseous olefins to produce 
licj[uid lA'oparaffin hydrocarbons having high 
anti-knock ratings. Both thermal and catalytic 
processes have been developed for this reaction, 
the thermal process requiring relatively high 
tem])('ratines and pressures, while those employ¬ 
ing various catalysts operate under less severe 
conditions. Processes for the alkylation of iso- 
butane have several advantages over methods 
for t^ooctane manufacture involving poly¬ 
merisation of normal and isobutylenes and 
hydrogenation of the mixture of dimers. In con¬ 
trast to polymerisation and hydrogenation, the 
alkylation process is single-stage. Based on the 



Recycle /sobutane 


Fia. 31. 


volume of liquid butylenes employed, from 150- 
180% yield of alkylate consisting predominately 
of 2 \woctanes is produced in commercial instal¬ 
lations. In addition to alkylate, several per 
cent, of pentanes are produced. Alkylation with 
w-butylenes gives a mixture of octanes having 
about 95 octane number, while alkylation with 
isobutylenes gives a product having from 98- 
100 octane number. 

Thermal Alkylation of /soButane.— 
When alkylating i«pbutane with olefins in the 
absence of catalysts, temperatures of the order 
of 600°o. (932°r.) and pressures ranging from 
3,000-5,000 psi. are employed, pressure being 
necessary to minimise decomposition reactions.®’ 
To avoid polymerisation of the olefins, a large 
molal excess of the i.<?oparaffin is maintained. 
In thermal alkylation, the products from iso- 
butane and ethylene contain large amounts of 
ncohexanej which has an octane number of 94 
and a high susceptibility to improvement by the 
addition of tetraethyl-lead. f?eoHexane is ust'd 
as an ingredient of aviation-fuel blends. 


Fig. 31 shows the process flow in a plant 
designed for making ??eohexane from t>obutane 
and ethylene by thermal alkylation.®® A feed 
stock containing ethane, propane, and butane, 
obtained in the fractionation of natural gas, is 
cracked at temperatures of 769-815°o. (1,400- 
1,500 °f.) under pressures of from 5 to 35 psi. in 
a cracking furnace to produce a mixture con¬ 
taining considerable percentages of ethylene. 
The cracked gas mixture is introduced to an 
absorber in which a portion of the {.sobutane feed 
is used as an absorbing liquid, a solution of 
ethylene in {.sobutane being collected on a 
centrally disposed plate and a gasoline fraction 
being recovered from the bottom of the absorber. 
Cracked products lighter than ethylene com¬ 
prising principally methane and hydrogen ere 
released from the top of the absorber. 

The {«obutane-ethylene solution, with more 
{sobutane added to furnish the necessary excess, 
is pumped through an alkylation furnace at a 
temperature of 500-525\\ (932-077 “f.) under 
pressures of 3,000-5,000 psi. The jiroducts from 






358 


PETROLEUM. 


the alkylation zone are fractionated to recover 
weohexane, to separate propane and ethane, and 
to furnish iinreacted wohutane for recycling. 

Typical data on conditions of operation and 
products of thermal alkylation are given in 
Table XXVI. Column 1 shows that the alkyla¬ 
tion of propane wdth ethylene produced 6*2% of 
isopentane and 0-81% of branched chain 
hexanes. The alkylation of isobutane with 


ethylene, according to column 2, gave 6-26% of 
2 :2-dimethylbutane and 2-6% of other hexanes, 
both normal and branched. The alkylation of 
isobutane with isobutylene, according to the 
data in column 3, at 8,000 psi. and 486'’r. 
(907 °f.) gave about 1% of octanes and the same 
percentage of octenes, indicating polymerisation 
of isobutylene occurring along with the alkyla¬ 
tion of the isobutane. 


Tai3LE XXVI. —Products formed from Paraffin-Oleftn Mixtures under 
Thermal Conditions.* 


Reactants, %. 

Pressure (psi.). 

Temperature °c. (°f.). 

Gasoline yield based on total products 
Analysis of products: 

. 

CH 4 . 

. 

C^He. 

C,H«. 


i so*C^ Hg 
n-C4Hg 
iso-Ct H 1 


/so-C kH, 


rC.,H„ 8-9 
lC3Hg, 9M 
4,500 
510 (950) 
11*2 

0 004\ 
0‘716j 
1-23 
0-53 
010 
84-40 
0 - 2 n 
0-80/ 

0*70 

0-29 


2 :2-Dimethylbutaiio 
2:3-Dimethylbutano 
2-Methylpentane . 
n-Hexane . 

c,h,4. . . . 

C 7 H 1 ,. 

. . . . , 




C„4- to 200'^c. (392®r.) ^ 
Above 392°r. / 


Total 


r)-20\ 

1-82/ 

0-22 


0*81 

0-20 

M2 

012 

0-37 

010 


100 00 


C2H4, 11-8 

/so-C^H^o* 

4,500 
515 (959) 
14-8 

0-55 

1- 72 
0-71 
000 
0-76 

204 

78 77 
0-29 
0-73 

0-77 

6-20 

2- GO 

0 36 
O-Gl 
0-47 
1-89 
rO-72^ 
\0-15/ 

100-00 


Analysis of liquid products : 

CtHin. 


Composition of Liquid Products, 


CeH,, . . . 

2 :2- Dimethy Ibutano 
2:3- Dimethylbutano 
2-Mcthylpentano . 
n-Hexane . 

. . . 


CsHu ! ; ■ ■ ■ 

cl+^ 2o6'’c. (392''if0 ■ 
Heavier 


Total 


iso-C^Hf^, 8-2 
/sr>C4Hio, 91-8 
8,000 
486 (907) 

2-9 


0-12 

0-05 

0-04 

0-19 

0-05 

4-10 

92-36 

0-20 

0-11 

0-05 

0-08 

0-10 

M3 

101 

1-05 

0-36 


100-00 


2-6 

1-9 

6-5 

55-11 

16-2/ • 

5-0 

3-6 

1-9 

6-2 

1-6 

1 

42-1 

1 


1 17-5 

} 

1-8 

J . 

2-4 

3-2 

lO-O 

4-1 

4-2 

1-0 

3-2 

32-7 

3-3 

12-7 

34-0 

1-0 

{t:?} 

11-6 

100-0 

100-0 

100-0 


• All percentages are by weight. 
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Catalytic Alkylation of iso Butane. 

1. Sulphuric Acid ^^—-isoButane is alkylated 
with butylenes in the presence of sulphuric acid 
of 90-100% concentration. Low temperatures 
of about 0-10®c. (32-50 ‘^f.) are used to reduce 
the oxidising tendencies of the acid, which suffers 
some losses even under these conditions, becaxise 
of the formation of addition compounds with 
the olefin and hydrocarbon oxidation products. 
About 1 lb. of acid is required for producing 
1 gallon of alkylate. Yields of alkylate from 140 
to 180% by volume of butylenps are obtained. 

Fig. 32 shows the process flow in a plant for 
alkylating wobutane with butylenes using sul¬ 
phuric acid catalyst.The charge to the plant 
may be a mixture of isobutane and butylenes 
from a thermal reforming, thermal (Tacking or 
catalytic cracking plant, or a plant in which 
normal butane is catalyt-ically dcdi^'^drogenatod. 
'/soButane is added so that it is in considerable 
inolal excess over tlie butylenes during alkyla¬ 


tion. It is customary to maintain a ratio of 4-5 
mob of i.wbutano to 1 mol. of olefin in the re¬ 
action zone. Higher octane number products 
result when higher ratios are maintained. Best 
results arc also dependent upon the use of large 
volumes of sulphuric acid in proportion to the 
hydrocarbon mixture. Tlie required amount of 
isobutane may be produ(;ed by isomerising 
w-butane, or may bo shipped in from other 
refineries or natural gasoline plants. The acid 
and hydrocarbons are thoroughly mixed in the 
reactor to form an emulsion. The mixture is 
passed to a settler from which a certain amount 
of spent or waste acid is vuthdrawn, and the 
balance recycled among with make-up acid to 
counteracit the loss. A rapid circulation between 
the settler and the reactor assists in producing 
intimate contact betAveen the catalyst and tlie 
h 3 Tlroearbon. The h^'drocarbon layer from tbe 
settlor is passed to a fractionator from wliich 
isobutane is separated and rcturiu^d to the 


/xobutann 



Fig. 32. 


rca(‘tor along with fresh charge. After removal 
of the i^obutane, the alkylate passes to a. de¬ 
butaniser to recover n-butane. The aviation 
alkylate fraction is finally recovered from a 
re-run tower from which high boiling alkylated 
products are withdrawn as bottoms. 

Commercial data on alkylation of olefins 
with sulphuric acid catalysts are given in 
Table XXVII. The olefins employed were: 

(1) A propane-propylene fraction from cracking; 

(2) a butane-butylene fraction from a cracking 
process; and (3) a residual butane-butylene 
fraction from the polymerisation of a mixture of 
butanes and butylenes to make octene dimers 
for hydrogenation to octane. The olefins in this 
last alkylating mixture were mainly n-butylenes. 
Yields of fpom 138 to 180% of total alkylate 
based on the volume of the olefin used were 
obtained. A temperatiire of 29°o. (85 ®f.) was 
used in the first aJucylation with propylene, and 


temiwratures of 0-l()°c. (32-50 ''f.) were main¬ 
tained when alkylating with butylenes in the 
second and third nms. The highest octane 
number products and the highest jdelds were 
obtained with the butane-but 3 ^ 1 one fractions. 

2. Hydrogen Fluoridey ^—Another catalyst 
Avhich is employed in alkylating z’.s'obutano with 
butylenes is liquid hydrogen fluoride. Since this 
compound boils at 20''c. (08°r.) under ordinary 
pressures, it can be used as a liquid at ordinary 
temperatures under slight super-atmospheric 
pressure. It has no oxidising effects on hydro¬ 
carbons, and the small amount of addition com¬ 
pounds it forms with olefins are readily decom¬ 
posed by moderate heating so that the hydrogen 
fluoride can he recovered anef used. 

Fig. 33 shows the essential features in a plant 
using hydrogen fluoride for catalysing the alkyla¬ 
tion of t«obutane with butylenes. The charge is 
similar to that used when emplo3ring sulphuric 






360 


PETROLELTM. 


Tabt.e XXVJI.— Alkylation of kwButane wiTir REruESENTATivE Refinery Olefin 

Feed Stocks. 



1 . 

C 3 fraction from 
crackiiifj. 

2 . 

C 4 fraction freuu 
crackinj;. 

3. 

Jb'Kidnai C 4 fraction 
fntin y.s'oocfaiK^ 
inaniifactiirc. 

Olefin feed stock (% by weight of 




olefin). 

30 {a) 

48 (h) 

24 (c) 

Paraffin used. 

{..wbutane 

LS’obutanc 

?sohui!iiw 

Mol. ratio of iraparaffin to olefin . 

8 

5 

5 

IMako-up acid strength, % by w(figbt 




of sulphuric acid. 

98-100 

98-100 

98 100 

VoiuTue ratio of acid to hydrocarbon 

1 

1 

1 

Tenqierature. 

j 2<rc.; 8 r>"F. 

0 10°c. ; 32 50 F. 

|0-RP(\;32 50"f. 

Conf.aet time, minutes. 

' 20-40 

20-40 

20-40 

% by volume of total alkylate based 




on olefin in feed. 

138 

158-166 

168 180 

Aviation fraction (end point, 140^r.; 




300°f.) in total alkylate, % 

92-95 

88-90 

89-91 

Properties of Products 



Properties of total alkylate* (C.j-free): 


1 


. 

0-6950 

ih7()5(} 1 

0-705() 

A.P.I. gr. 

72-1 i 

(i9-2 

69-2 

Octane No. (A.S.T.M.-P.P.R.) . 

88-0 1 

91-5 ! 

92-5 

A.S.T.M. distillation : 

1 

^f. 

‘'f. 


Initial b.p. 

67 152 

49 120 

47 117 

10 % point. 

82 180 

83 182 

84 183 

50% point. 

90 194 

106 222 1 

107 225 

90% point. 

133 271 

131 267 

121 250 

End point. 

197 387 

206 403 I 

192 378 

Properties of 149'’r. (300 ^'f.) end- 

1 

j 



point fraction : 




Octane No. (A.S.T.M.- C.F.R.) . . 

89 ; 

92 ; 

93 

50% point. 

88 190 1 

104 220 

105 221 

Reid vajiour jiressure, psi. . 

i 

3-5 

30 


(a) With mixed C 3 and C 4 fractions, materially better results are obtained. 
(h) About 1 H% Isobutylene i)resent. 

(r) Larj^ely l)Utylene-2. 


acid catalyst, and is mixed with liquid hydrogen 
fluoride in a reactor under about 100 psi.-at a 
tcmfKTature of 38°c. (100°F.). The products are 
passed to a settler from which a portion of the 
mixture of hydrogen fluoride and hydrocarbon 
is recireidated to the reactor, and another portion 
is passed to a recovery system wherein alkyl 
fluoride products are heated to recover the 
hydrogen fluoride and oleflri. The hydrocarbon 
layer from the settler is passed to a fractionator 
to separate hydrogen fluoride for re-use in the 
process. The hydrocarbons froin the frac¬ 
tionator are passed to a dei/ifobutaniser from 
which Mobutane is distilled and recycled to the 
reactor. Tower bottoms are passed through a 
solid absorbent in a treater fio remove traces of 
fluoride. n-Butane is next removed and the 
alkjdate is distilled to produce aviation alkylate. 

3. Aluminium Chloride .—Alkylation of iso- 
butane with ethylene in the presence of alumin¬ 
ium chloride-hydrogen chloride catalyst pro¬ 
duces an alkylate which contains as a major 
component 2:3-dimethyIbutane in contrast to 


the 2 ; 2 -compound, or weohoxane, produced in 
thermal alkylation.®’ The use of aluminium 
chloride as a catalyst in the alkylation of iso- 
butane with olefins requires considerable excess 
of the isoparaffin, and low teinj-ieratures around 
0°c. (32°r.) to lesson the tendency toward 
polymerisation of the olefins and the formation 
of addition compounds with the aluminium 
chloride. 

It is necessary to the catalytic activity of 
aluminium chloride to have minor amounts 
(usually less than 10 mol.%) of hydrogen 
chloride present. Perfectly dry aluminium 
chloride in the absence of hydrogen chloride has 
low catalytic activity in alkylation reactions. 
Small amounts of moisture may generate enough 
hydrogen chloride to improve the catalytic 
action. 

Other halide catalysts wlxich can be used 
in alkylating isoparaffins include aluminium 
bromide in the presence of hydrogen bromide, 
boron fluoride, or mixtures of ttiis compound and 
hydrogen fluoride. 
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Alkylation of i>opentaiu! or e^ohexanes can be 
accomplished in the presence of catalysts used 
for alkylating /'.s’obutane. The conditions of 
operation will vary with the molecular weight 
and structure of both woparaffina and olohns. 

All bvoparaffin alkylations are accompanied by 
varying amounts of side n^actions leading to the 
formation of lower and higher molecular weight 
paraffins. The catalysed processes are more 
selective and produce smaller amounts of by¬ 
products. 

ISOMEUISATJON. 

Isomerisation of the hydrocarbons in petro¬ 
leum gases and gasoline is practised for the 
])urpose of producing hydrocarbons of branched 
structure which are more reactive in syntheses, 
or have iTitrinsically higher octane ratings due 
f o their more condensed molecular structure.*^ 
The structures and octane ratings of ])arafhn 
hydrocarbons having from 4 to 7 carbon atoms 


in the molecule are given in 1’able XLVI. 
The data confirm in all cases the Ixmeficial 
effect of branched structure on knock ratings. 
Although the rules applicable to such relation¬ 
ships itt other hydrocarbon groups are more 
comjilicated, the general rule that higher octane 
rating accompanies more condensed structure 
has few exceptions. 

In processes of commercial significance a 
catalyst is employed to speed u}) paraffin isomeri¬ 
sation rates, aluminium chloride being chiefly 
emj)loyed. Other types of catalysts have been 
tried for paraffin isomerisations, but none arc 
competitive with aluminium chltuide.*^* Alumin¬ 
ium bromide is an effective catalyst but is ex¬ 
pensive, and zinc chloride and boron fluoride 
have lower activity. The same catalysts that 
isomeriso paraffins will usually isomorise cydo- 
paraffins. Thus cyclohexane is isomerisod to 
m(‘thylrvc/opcntane. In the isomerisation of 
olefins, l('Hs active catalysts such as aluminium 
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sidphate and aluminium oxide arc used because 
they have less tendency to polymerise olefins. 

Isomerisation of n-butane to i6‘obutane is one 
of the important processes employed in the oil 
industry. The ratio of n- to isohutsme is always 
greater than unity in hydrocarbon gas mixtures 
encountered in natural gas, gases from the 
straight-run distillation of petroleum, or from 
non-catalytic cracking of its fractions. In the 
gas producxid in catalytic crackirig for gasoline, 
the butanes usually contain more i>obutane than 
n-butane. t^oButane is rtjadily alkylatable by 
gaseous olefins so that isoparaffins from hexanes 
to dodecanes can be produced, and thus by the 
conversion of w-butane to bjobutane the potential 
supplier of high anti-knock hydrocarbons are 
increased. Jt-Butane is readily isomerised at 
relatively low temperatures by aluminium 
chloride in the presence of hydrogen chloride. 


In commerc-ial }>railicc aluminium chloride is 
used on a supporting material suck as prepared 
alumina, the composite catalyst being placed in 
a reactor through which preheated n-butane and 
hydrogen chloride are passed. In another type 
of ofwration, liquid butane is passed through a 
bed of granular aluminium cliloridc from which 
it dissolves a certain amount of the salt IkjiIow 
an isomerising temperature. The solution is 
then passed into a reactoi* at a high tein|)erature 
to produce ?#obutane. A flow diagram of such 
a plant for isomerisjng w-butane is shown in 
Fig. 34.®** Fresh and recycle vi-butane is pumped 
through a heater under a pressure of about 3(X) 
psi. and the temperature is raised to aboiit 80°c. 
(176 ^‘f.). Under these conditions the butane is 
liquid and it is passed in part through an 
aluminium chloride saturator in which it dis¬ 
solves catalyst for effecting its conversion in the 
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succeeding reactor, which may be filled with inert 
granular packing material. Hydrogen chloride 
is introduced to the reactor to assist in catalysing 
the isomerisation. 

From the bottom of the reactor a sludge con¬ 
sisting of addition products of aluminium chlo¬ 
ride and hydrocarbons is drawn. The hydro¬ 
carbons from the reactor are passed to an 
aluminium chloride fractionator from -which 
butanes are distilled, and aluminium chloride 
concentrate is pumped back into the top of the 
reactor. Tho butanes are condemsed and then 
passed to a hydrogen chloride fractionator, the 
liydrogen chloride being returned to the reactor. 
The mixture of n- and t>obutano is washed with 
caustic soda and fractionated into iaobutane 
whi(h is recovered as the product of the process, 
and butane which is recycled for isomerisation. 
By the operation described, 50% conversion of 
n-butane to usobutane may be brought about in 
a single pass through the ajiparatus. With 
recycling of separated unconverted «-hutane, 
the ultimate yield of the i^oparalliii may be 
brought to about 90%. 


As the molecular weights of the paraffin hydro¬ 
carbons increase there is more and more tendency 
for decomposition rather than simple isomeri¬ 
sation reactions to occur. A minimum tempera¬ 
ture is essential, and lower conversions per pass 
and greater recycle ratios are required. In some 
processes inhibitors are used to reduce the 
decomposition reactions. Added hydrogen may 
bo effective for this purpose. The activity of the 
aluminium chloride catalyst is also modified by 
utilising its licpiid hydrocarbon addition com- 
plcx<*s rather than the salt itself. By using all of 
these expedients, the isomerisation of -pentane 
and n-hexane has been commcrcialis(‘d.®® Tho 
octane rating of w-pentane is 64, whilst that of 
'/aopentano is 91. Similar increases in octane 
rating are obtained when w-hexane is isomerised. 

Although equilibrium considerations indicate 
that low temperatures favour more highly 
branched paraffin isomers, isomerisation rates of 
normal paraffins are so low at low temperatures 
that highly branched products are not formed 
in appreciable amounts. When w-hoptane is 
treated -with aluminium chloride-hydrogen chlo- 
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ride catalyst at a temperature corresponding to a 
substantial degree of conversion, the principal 
isomers are monoraethylhexanos and dimethyl- 
pentanes. There is no appreciable formation of 
2:2;3-trimethylbutane.®’ 

Aluminium halide catalysts are also effective 
in isomerising ct/eZoparaffins, either pure or con¬ 
tained in petroleum fractions. Thus methyl- 
ryeZohexane is obtained when eyeZohexane is 
heated in tho presence of aluminium chloride at 
ordinary atmospheric pressure. The overall 
effect of aluminium chloride on fractions of 
petroleum containing paraffins and cydo- 
paraffins will be determined by the proportions 
of these groups, the amount of aluminium 
chloride, and the temperature employed. In 
cracking petroleum fractions with aluminium' 
chloride cditalyst, isomeri^tion as well as de¬ 
composition reactions occur, and considerable 
amounts of isobutano are found in the gaseous 
by-products. 

There is evidence to support the fact that 
the catalysts in aluminium oliloride isomeri¬ 
sations have either the formula HAICI4, or 
Al(OH)Cl 2 i®® these compounds being formed 


by the direct addition of hydrogen chloride or 
the action of water. 

1-Butylene and 2-butylene obtainable from 
cracked gas mixtures by fractionation can be 
isomerised to iaobutylene by several catalysts 
such as, for example, alumina, alumina contain¬ 
ing a trace of sulphuric acid, anhydrous alumin¬ 
ium sulphate, fuller’s earth, phosphoric acid on 
charcoal, or silicates.®® In all reactions involving 
isomerisation of olefins, the tendency to poly¬ 
merisation is strongly competitive. 

Hydeoqenation. 

Hydrogenation and destructive hydrogenation 
of hydrocarbons are employed in the refining of 
petroleum to increase yields and improve the 
properties of various products.^®®* ^®^ Any 
decomposition of petroleum fractions involves 
essentially a carbon-hydrogen equilibrium, and 
addition of hydrogen alters the balance and 
gives rise to a series of new products. Hydro¬ 
genation is one of the important processes in 
use at present, and will become one of the most 
important in the conservation of petroleuiUi 
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Hydrogenation of Unsaturates. 

The simplest application of hydrogenation is 
in the direct addition of hydrogen to hydro¬ 
carbons having aliphatic or cyclic double bond 
linkages. The saturation of mono-olefins with 
hydrogen is readily brought about under mild 
conditions. The i^^ooctene dimers from butylene 
polymerisation processes, and mixed polymers 
from tho copolymerisation of propylene and 
butylenes, are hydrogenated in the presence of 
active nickel catalysts at temperatures of the 
order of IGO'^o. (320°f.) and pressure of 76 psi. to 
produce isoparaffins having octane ratings from 
90 to 100, which are used as components of 
aviation-fuel blends.Tho properties of iso- 
octanes produced by hydrogenating Moocteno 
dimers from tlie polymerisation of butylenes j 
from cracked gases are shown in Table XXVllI. 
Mild hydrogenation of lubricating oils improves 
their viscosity indices by increasing their 
paraffi 11 icities. This j»rocoss has found com¬ 
mercial application in at least one plant because 
of the greater values inherent in hydrogenated 
lubric-ating oils. Th<? increased amount of 
najihthono and paraffin hydrocarbons is respon¬ 
sible for a lessened lendoiu'y to lose viscosity on 
heating. 


Table XXVIll.— Properties of 

150()CTANES. 


Sp.gr. 

0-7150 

A.IM. gr. 

06-4 

UK) r.c. (llstUIation (A.S.T.M.) : 

"C. ‘’F. 

Initial b.]). 

91) 210 

Vo Distilled over: 


U). 

106 222 

50. 

108 227 

00. 

111 232 

End b.p. 

123 254 

Octane No. (A.S.T.M, motor method) 

95-0 

lleid vapour pressure, psi. 

1-6 

Olefins (%). 

0-5 

Gum (coj3pcr dish). 

0 

C-olour, Saybolt. 

30 


The hydrocarbons chiefly responsible for gum 
formation in cracked gasolines are diolefinic in 
character and present in relatively small 
amounts. Such compounds are readily hydro¬ 
genated under moderate conditions of tempera¬ 
ture, pressure, and catalyst activity. Cracked 
gasolines containing undesirably large amounts 
of sulphur can be desulphurised by hydrogena¬ 
tion at temperatures about 360°c. (662°f.), under 
pressures of about 900 psi. in the presence of 
“ sulphactive ’* catal 3 ^ 8 ts which include the 
single and mixed sulphides of nickel, chromium, 
and molybdenum. The catalysts are used in 
reactors through which preheated mixtures of 
gasoline vapours and a moderate excess of 
hydrogen (about 4 mol. per mol. of gasoline) are 
passed. The use of these sulphide catalysts, 
particularly nickel sulphide, reduces the amount 
of hydrogenation of mono-olefins and aromatics, 
and hence loss in anti-knock value. Owing to 
the removal of diolefins and reduction in sulphur 
content, the susceptibility to improvement in 
octane number by the addition of tetraethyl-lead 
is increased, and leaded gasolines of higher octane 
number tjian the original gasoline are produced. 
Using this method of treatment, a Californian 
clacked gasoline was reduced in sulphur content 
from 1‘17 to 0*06%, with a reduction in octane 


number from 72 to 69. However, the addition 
of 3 ml. of tetraethyl-lead per gallon only pro¬ 
duced an octane number of 77 in the untreated 
product, whereas the same lead addition pro¬ 
duced an 81 octane number gasoline in the 

treated product.1*^3 

Hydrogenation of aromatic hydrocarbons pre¬ 
sent in cracked fractions results primarily in 
de-alkylation of alkyl aromatics, and saturation 
of the lings to compounds of a cycZoparaffinic 
character. Under conditions of greater severity, 
ring breaking occui:8 and paraffin hydrocarbons 
are formed. An important application of hydro¬ 
genation is in the saturation of highly aromatic 
recycle intermediates in cracking. The liydro- 
genated oils respond to further cracking with 
lessened tendencies for carbon deposition and 
increased yields of gasoline. 

The use of intensive hydrogenating conditions 
{Kirmits the extensive purification of petroleum 
fractions. All sulphur compounds, including 
alk^d sulphides, dialkyl disulphides (from 
sweetening reactions), mercaptans, and hetero¬ 
cyclic compounds such as thiophens and thio- 
hans are reducible to hydrocarbons and 
ydrogen sulphide, which is readily separated 
from the products of hydrogenation. Oxygen 
compounds, including naphthenic acids and 
phenols, are also susceptible to the action of 
hydrogen under catatytic influence, yielding 
water and hydrocarbons without alteration of 
carbon atom arrangements.^®* Nitrogen com¬ 
pounds represented by alkyl-quinolines and iso- 
quinolines in straight-run products, and alkyl- 
amines, the presence of which has been noted in 
some cracked products, can, be made to yield 
ammonia and saturated hydrocarbons. 

Destructive Hydrogenation. 

Added hydrogen in cracking exerts many 
beneficial effects. The tendency to carbon 
deposition is practically nullified, since coke 
formation in cracking is due to the ultimate 
breakdown of polycyclic aromatics with libera¬ 
tion of hydrogen which combines with the lighter 
roducts. When added hydrogen, activated 
y catalyst, is present in the cracking zone, this 
aromatic decomposition is suppressed, and the 
hydrogen reacts to produce higher boiling 
naphthenes which are fluids iitilisable as lubri¬ 
cants in many instances. In hydro-cracking, 
yields of light distillates over 100% by volume 
of the charge are obtained. The character of tho 
gasoline can be controlled so that it is completely 
saturated and consists of mixtures of isoparaffins 
and aromatic hydrocarbons. Hydro-cracking 
can be applied to straight-run and cracked 
residuums, asphalts, and heavy petroleums such 
as tars from tar sands to produce motor fuel. 

The usual conditions for destructive hydro¬ 
genation are temperatures of 400-500°o. (752- 
932°f.), and pressures pf 200-300 atmospheres. 
The preheated oil and hydrogen are forced 
through bods of catalyst, and hydrogen is 
separated from the reaction products and 
recycled.^®® 

While a large variety of catalytic materials 
have been proposed for use in hydrogenating 
petroleum, relatively few have stood the test 
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of service. Nickel and its oxides and sulphides, 
and the oxides of chromium, molybdenum, and 
tungsten are used. Those catalysts are em¬ 
ployed on supports such as alumina, silica, 
magnesia, and silicates. The catalysts em¬ 
ployed commercially are those of a “ sul- 
])hactive ” type, moaning that their sulphides 
have adequate catalytic activity. Molybdic 
sulphide is most commonly used, while its 
activity is not as high as molybdic oxide, it has 
a constant value over long operating periods. 

The major possible adaptations of hydrogena¬ 
tion to petroleum refining have been listed as 
follows: 

1. The production of gasoline low in sulphur, 
and distillates free from asphalt, from , 
heavy high-sulphur asphaltic crude and I 


I refinery residues, without coke for¬ 

mation. 

! 2. The production of lubricating oils having 

high viscosity indices, low carbon 
residues, and high flash points from low- 
grade lubricating distillates. 

3. Improvement of poor-burning kerosene 

distillates by conversion to low-sulphur 
water-white burning oils. 

4. The desulphurisation and colour and gum- 

stabilisation of cracked naphthas with 
minimum change in distillation range 
and minimum loss in anti-knock value. 

5. The production of high octane rating, low- 

sulphur stable gasohnos from gas oils. 

Table XXIX shows approximate yields in those 
five types of processes. 


Table XXIX. 


Fro- 

Charging 

stock. 

Approxiuiatc volumetric yield of: 

Total 

Sulphur 
in charge 
removed 
in process. 

Gas 

roas 

xVo. 

Uasolinc. 

Burning 

oil. 

Cas oil. 

Lubri- 
eating oil. 

volumetric 

yield. 

forma¬ 

tion. 



‘jo by wt. 

by wt. 

% by wt. 

% l)y wt. 

% by wt. 

% by vd. 

% by wt. 

1 

High-sulphur, us- 








I)haltic heavy 
residue, 

30 


71 

_ 

101 

65-85 

2-3 

2 

Low-grado lubri¬ 









cating distillate 

10 


20 


104 

80-05 

05-1-3 

3 

Low-grade burn¬ 


j 







ing oil distil¬ 
late 

i 

30 

1 

73 1 



103 

80-95 

0-5-2 

4 

Cracked naphtha 

100 


— 


100 

50-95 

0-5 

5 

Paraihnic gas oil 

Of)-! 00 

" i 

i 

' 

70-100 

80-95 

5-35 


By varying the conditions of oj>eration in 
respect to temperature, pressure, catalyst, and 
ratio of hydrogen to oil, a charging stock such 
as a kerosene, gas oil or residual fuel oil can be 
converted either into an improved product or 
into gasoline of an aromatic character having a 
high octane rating. For hydro-cracking to pro¬ 
duce such gasoline, temjxiratures are raised and 
the ratio of hydrogen to oil is decreased. 

Typical results obtained in hydro-cracking 
gas oils for gasoline production are shown in 
Table XXX.^^^ The high yields of gasoline 
obtained by this process are noteworthy, and 
also the high octane numbers and low sulphur 
contents. 


Table XXX.— Hydro-ceacking of Gas 
Oils for Gasoline. 


Feed stock. 

Mid- 

Continent. 

j Californian 
cracked. 

Sp.gr. 

0-8358 

0-9001 

A.P.I. gr. 

37-8 

25-7 

Initial b.p. 

224^0,; 435°f. 

172'’C.; 324‘’P. 

Final b.p. 

% distilled at 238"c. 

332°C.; 629°F. 

317^0.; 602'’P. 

(460°p.) .... 

3-5 

31-0 

Sulphur, wt. % . . 

0-179 

0-554 

Hydrogenated product: 



Vol. % yield . . . 

86-5 

89-0 

Sp.gr. 

0-7531 

0-8076 

A.P.I. gr. 

56-4 

43-7 

Initial b.p. 

80®O.; 86°P. 

41°c.; 105°P. 

End b.p. 

223®C.; 433®P. 

214'’C.; 417‘‘F. 

Octane No., A.8.T.M. 

75-1 

94-0 

Sulphur, wt. % . . 

0-022 

0-017 


In comparison with cracking, hydro-cracking 
produces higher yields of gasoline and higher 
throughputs. The octane numbers of gasolines 
from hydro-cracking are lower than those from 
thermal cracking, but their response in increased 
octane rating by the addition of tetraethyl-lead 
is higher. Table XXXI contains data comparing 
cracking with high and low temperature hydro¬ 
cracking for five charging stocks.^®® The yield 
of gasoline in low temperature hydro-cracking is 
about double that obtained in cracking. The 
daily production of gasoline in a 6,000 barrels 
per day total feed hydro-cracking plant is 
60-80% greater than the gasoline from a 15,000 
[ barrel per day total feed thermal cracking i>lant, 

I as indicated by the data in Table XXXI, 
obtained under specific operating conditions. 
Octane ratings of the gasoline from hydro-crack¬ 
ing are from 11 to 16 numbers lowor.^®’ 

The hydro-cracking process is also operated to 
produce aviation naphtha from selected gas oils. 
Conversions per pass of 50-75% and ultimate 
recycle yielda of 80-95% are obtained. The 
inspection of several feed stocks subjected to 
high-pressure cracking and the properties of the 
aviation fuels are shown in Table XXXII. 

The hydrogen requirements for the various 
hydrogenating treatments of petroleum are a 
considerable item of expense. In some pro¬ 
cesses which have, however, met with little coni- 
mercial success, ‘hydrogen is generated in the 
reaction zone by the interaction of s^am and 
metals, particularly iron, the iron oxide being 
removed and reduced to furnish more metal. 
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* Recycle operation wherein the feed stock is totally converted to gasoline and a small amount of gas. 
t Recycle operation to ultimate yield of gasoline and 12 A.P.I. tar. 
t Octane numbers obtained on Scries 30 motor at lOO^c. (212''f.) and 600 r.p.m. 
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Table XXX 11. —Hydrogenated Aviation Naphthas from Four Feed Stocks. 



Heavy naplitha 
from Miraiiclo 
(Texas) crude. 

Mirando 
cracked cycle 
stock. 

Kerosene 
fraction from 
Coastal crude. 

1 Has oil from 
! Yenezuelaii 
crude. 

Feed stock : 





Spgr . 

0*8483 

0*8838 

0*9254 

0*8708 

A.IM. gr. 

35*3 

28*6 

21*4 

31*0 

Aniline point. 

47"c.; 

; 90>. 

77°c. ; 170 ^f. 

r)4^(\ ; ]29^f. 

Sulphur, %. 

0*050 

0*070 

0*460 

0*20 


‘"f. 

°C. '’F. 

\\ "F. 

°c. "f. 

Initial b.p. 

104 220 

153 308 

193 379 

173 343 

10% at. 

173 344 

207 405 

221 430 

206 402 

50% at. 

209 408 

229 445 

238 460 

247 477 

90% at. 

238 460 

i 255 491 

264 507 

296 564 

Final b.p. 

268 514 

277 531 

290 554 

321 614 

Hydrogenated a\n‘at}on fuel : 





. 

0*7205 

0*7347 

0*7412 

0*7139 

A.P.l. gr. 

64*9 

61*1 

59*4 

66*7 

Colour, Sayboll. 

f30 

+ 30 

4-30 

+ 30 

Sulphur, % . 

0*011 

0*002 

0*()()2 

001 

Reid V.r. 38”c. (lOO^F.), psi. . . 

7*0 

6*9 

7*0 

6*7 

A.S.T.IM.-C.F.R. octane-No. 

78*3 

76*4 

78*0 

75-8 


Hydrogen is readily produced from methane and 
steam in two stages. In tlie first, 1 mol. of 
methane and 1 of steam interact in the presence 
of catalyst at about 87()°c. (1,6(K)^f.) at atmo¬ 
spheric pressure according to the following 
equation : CH 44 -H 20 ~> CO-f-SHg. Additional 
steam is added to the gases from the first stage 
and the carbon monoxide and steam interact in 
the presence of a different catalyst at a tempera¬ 
ture of 454"c. (850 ®f.) to yield another mol. of 
hydrogen, according to the following equation: 
CO+HgO->-COg'f Hg. Thus from 1 mol. of 
methane a total of 4 mol. of hydrogen is pro¬ 
duced. Hydrogen is also available from 
dehydrogenation and dehydrocycHsation pro¬ 
cesses in very pure form, usually over 95%. 
High temperature cracking processes yield large 
amounts of hydrogen recoverable by fractiona¬ 
tion of gas mixtures. Hydrogen in hydro¬ 
forming processes controls the character of the 
reaction and limits the amount of carbon 
deposition. The use of added hydrogen in the 
isomerisation of pentanes and hexanes reduces 
decomposition reactions and renders the con¬ 
versions more efficient. 

Treating. 

Some crude oils, usually those of a paraffinic 
type, yield various distillate and residual pro¬ 
ducts which are marketable without extensive 
changes, since they contain low contents of sul¬ 
phur, oxygen, or nitrogen compounds, and 
practically no asphaltic components. The colour 
of gasoline and kerosene from such crudes is fre¬ 
quently water-white and their odours are not 
unpleasant. The lubricating fractions possess 
green or amber colour, along with an attractive 
fluorescence so that they can be sold and 
utilised with little treatment. 

The majority of crude oils, however, contain 
sufficient amounts of sulphur in various forms of 


combination to impart undesirable character¬ 
istics such as offensive odours and corrosion 
tendencies to their fractions, so that the removal 
of at least a portion of their sulphur content is 
desirable.The distillates from 
asphaltic crudes contain coloured compounds in 
colloidal suspension, which are undesirable, and 
these must be removed before they are saleable. 
Such asphaltic crudes yield motor fuel and 
lubricating distillates which require extensive 
treatment. 

The commercial development of the cracking 
process has introduced now problems in treating, 
since the cracked distillates contain much higher 
percentages of olefins than straight-run distillates 
and appreciable amounts of diolefins, which are 
unstable in contact with air and light, and form 
colour and gums in the oils during periods of 
storage. The amount of sulphur in cracked 
gasolines is higher than in straight-run gasolines 
from the same crudes, and the sulphur com¬ 
pounds are of a different character and require 
different means for their treatment. Sulphur 
compounds in straight-run gasolines are less 
odorous, while those in untreated cracked 
gasolines impart the unpleasant odours of 
hydrogen sulphide and mercaptans. 

Treatment with Sulphuric Acid. 

The oldest and most generally employed 
method of treating petroleum products to im¬ 
prove their properties involves the use of sul¬ 
phuric acid of varying concentration. To accom¬ 
plish different objectives, acids of 93 and 96% 
concentration and fuming acid containing 16% 
by weight of free sulphur trioxide are commonly 
employed. The we^er acids combine with or 
dissolve more reactive olefinic components of tho 
petroleum fraction. As the acid strength is 
increased, the less reactive, components are 
affected and when fuming acid is oxidation. 
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of the k^aat reactive constituents occurs, even at 
ordinary temperatures. The extent of the 
chemical and solvent action of sulphuric acids 
varies with the temperature of treatment as well 
as the concentration of the acid. By maintain¬ 
ing temperatures as low as —1® to 4®c. (30-40®r.), 
the more reactive olehiis and a largo percentage 
of the sulphur compounds j)reHcnt in cracked 
gasolines may be selectively removed by sul¬ 
phuric acid of 75-90% concentration without 
affecting the majority of high octane rating 
olefiiiic compontmts. Kerosene treatments em¬ 
ploy fuming acid at tomperatiires up to 93°c. 
(20 ()°f.) for the purpose of taking out most of the 
aromatic and a portion of the naphthenic con¬ 
stituents to improve burning properties. 

Of the hydrocarbon groups, parafiins are the 
least affected by sulpliuric acid, although 
methane is the only member of the series that 
does not react at all at normal temperature with 
any strength of sulphuric acid. Even the 
gaseous paraffins, ethane, psopane, and butane 
are slowly attacked by fuming acid, and the 
higher molecular-weight members of the paraffin 
series are iixTeasingly soluble in the stronger 
acids. In many treatments of petroleum distil¬ 
lates containing unsaturated constituents with 
relatively small amounts of acid, paraffins are 
substantially unafiected. 

ryeZoParaffin hydrocarbons are somewhat re¬ 
active toward strong sulphuric acid, and some 
are soluble in the mixture of acid and reaction 
products constituting tlic acid sludge. Naph¬ 
thenic hydrocarbons arc sulphonated by acid of 
9()% concentration and undcrgcj some oxidation 
and dehydrogenation. The effect on naph¬ 
thenes of light acid treatments is negligible in the 
presence of more reactive compounds. 

The aromatic constituents of petroleum are 
definitely reacted upon in sulphuric acid treat¬ 
ments, benzene and lower alkylbenzenes under¬ 
going some sulphonation by acids as low as 91% 
concentration. 85% sulphuric acid may be 
used to remove toluene from cracked distillates. 
While 93% acid removes large amounts of 
aromatics from kerosenes, the fuming acid is 
necessary to reduce the aromatic content to a 
point corresponding to good burning properties. 
Owing to the high losses suffered in such treat¬ 
ments, it is now customary to extract the 
aromatic compounds by selective solvents, such 
as liquid sulphur dioxide which does not destroy 
the aromatics, and depend upon a mild treat¬ 
ment with sulphuric acid to supplement solvent 
extraction. 

Of the hydrocarbon groups, the aliphatic 
hydrocarbons containing double and triple 
bonds, including olefins, diolefins, and acetylenes 
react with acid of as low as 76% concentration 
at ordinary temperature. The reactivity of 
these unsaturajfces and the types of compounds 
which they form vary with their molecular 
weights and structures. In general, lower 
molecular weight compounds are more active. 
In the treatment of cracked distillates of motor 
fuel boiling range, minimum amounts of acid and 
mild conditions of treatment are utilised to 
remove ofdy those hydrocarbon constituents 
which are unstable in respect to gum formation, 
whilst leaving unaffect^ mono-olefins which 
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contribute to the anti-knock value of the gaso¬ 
line. 

Sulphuric acid causes a number of olefin trans¬ 
formations; some are polymerised to higher 
boiling hydrocarbons, some form neutral esters, 
and some form secondary and tertiary alcohols. 
At relatively low temperatures polymerisation 
stops short of tar formation. Some of the lower 
molecular weight polymers, alcohols, and alkyl 
sulphates remain dissolved in the oil, and in the 
rodistillation of an acid treated, neutralised, 
cracked naphtha, a maximum temperature of 
177°c. (350 "f.) should not be exceeded, and steam 
should Ik) used to prevent decomposition of alkyl 
sulphates into unstable hydrocarbons, alcohols, 
and sulphur compounds which form gums and 
colour in the distillate. Treatment of cracked 
distillates with relatively large amounts of sul¬ 
phuric acid produces sulphonic acids which are 
removed by alkalis. Large amounts of acid 
also dissolve alkyl esters and sulphonic acids. 
When large amounts of strong acid are used in 
the treatment of distillates containing large 
amounts of olefins of the order of 10-20%, some 
alkylation of isoparaffins, aromatics, and naph¬ 
thenes by olefins occurs to an extent depending 
upon such factors as the molecular proportions 
of the hydrocarbon groups, strength of the acid, 
temperature, and the time of contact. 

The practice of treating kerosene with strong 
sulphuric acid to improve its colour, odour, and 
burning properties began in the early days of the 
refining industry and still continues to bo used 
on some distillates wliicb require purification to 
meet market specifications. Other methods of 
treatment involving the use of liquid sulpbui' 
dioxide and specific absorbents for removing 
smoking hydrocarbons now comjieto with older 
methods, and in some instances supplant the 
sulphuric acid method of treatment. In pro¬ 
ducing kerosene having satisfactory burning 
properties from Californian and Gulf Coastal fields 
by sulphuric acid treating, it is sometimes 
necessary to employ fuming acid in amounts as 
high as a pound per gallon of raw kerosene to 
remove the cyclic hydrocarbons, which impart 
smoking properties to the oils. In such cases 
the use of liquid sulphur dioxide to extract the 
major portion of the smoke-producing hydro¬ 
carbons reduces the amount of acid needed. 

In the older methods of treating petroleum 
distillates with sulphuric acid, treatments are 
conducted in vertical, cylindrical cone-bottomed 
tanks called “ agitators,” contact with the acid 
and oil being brought about by air-blowing, 
mechanical stirrers or circulation with outside 
pumps. After the treatment the spent acid 
settles in the cone, from which it is withdrawn, 
and the oil is then treated with an aqueous solu¬ 
tion of sodium hydroxide in sufficient excess to 
assure neutralisation of acidic components. 

Treatments with liquid reagents such as sul¬ 
phuric acid are also conducted in continuous 
plants which comprise essentially mixing devices, 
such as pipes containing baffling material, 
through which the acid and oil are forced to¬ 
gether by pumps, and enlarged settling tanks in 
which time is given for the semration of the 
spent acid as a lower layer. Tl^e supernatant 
oil is then forced through similar mixing devices 
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along with an alkali and then into a final settler 
where the neutral oil is separated from the spent 
alkalis. Man}^ modifications of continuous treat¬ 
ing processes are employed in petroleum 
refineries. Fig. 35 shows the flow in a plant for 
the continuous treatment of gasoline with sul¬ 
phuric acid followed by water w ashing, neutrah- 
sation with caustic soda, and sweetening with 
so-called “ doctor solution ” (sodium plum- 
bite). 

When lubricating distillates are treated with 
Slilphuric acid, sludge separation is slow" and 
diHi cult, and the treated oils containing acid 
particles in siispension are passed through high- 
sp(‘ed supercentrifuges to separate the acid 
particles and clarify the oil. Intermediate 
w ater washing is usually practised between the 
acid and alkali treatments, and final water wash¬ 
ing may be employed to take out alkaline pro¬ 
ducts and soaps. An alternate method for 


removing sludge particles from acid treated 
lubricating oils consists in adding powdered 
absorbents, such as acid treated clays of tlu^ 
M on tmoril Ionite type. Such absorbents co¬ 
agulate the sludge particles and at the same time 
absorb acid compounds so that the filtered oil is 
simultaneously neutralised and clarified. 

Sidphuric acid of mod(^rate concentration 
(piickiy coagulates and removes asphaltic and 
resinous componoiits in petroleum. This may 
be efte(‘ted with acid as weak as 40%. Some of 
these types of constituents are dissolved by the 
acids and some ff>rm an intermediate tar layer. 

Oxygenated compoimds such as naphthenic 
acids, alcohols, ketones, and phenols respond 
differently to various strengths of sulphuric acid. 
Although most petroleum distillates contain 
only small percentages of such compounds, they 
ai’e not completely removed by acid treatment ; 
some are suljihonated, some are oxidised, and 
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some are dissolved. Phenols are not removed by 
cold concentrated acid. 

Many petroleums contain small amounts of 
nitrogen compounds, from a trace to as high as 
20%. Since most of these are types of pyridines 
or quinolines, they are basic and removable by 
sulphuric acid of about 25% concentration. 

The effect of sulphuric acid on the sulphur 
compoimds in petroleum oils is variable and 
depends upon the concentration of the com¬ 
pounds, strength of the acid, and temperature. 
Hydrogen sulphide reacts with 93% acid to form 
free sulphur and sulphur dioxide. This com¬ 
pound should, therefore, bo removed from distil¬ 
lates by alkalis before sulphuric acid treatment. 
Meroaptans are oxidised to disulphides which are 
partly soluble in the acid. For this reason 
morcaptans should be removed or converted to 
dialkyl disulphides by a “ sweetening ” treat¬ 
ment before sulphuric acid is used. For com¬ 
plete removal of mercaptans, fuming acid is 


necessary, since alkyl disulphides are not com¬ 
pletely soluble in acids of low'er concentration. 
Thiophens are sulphonated by fuming and 93% 
acid. Sulphoxides and sulphones are readily 
soluble in 93% acid. Alkyl sulphates produced 
in acid treatments are not all removed from the 
treated oil by the acid. 

The use of sulphuric acid in treating petroleum 
distillates is expensive, not only on account of 
the consumption of acid, but also the corrosion 
problems encountered. Treatments with weak 
acids must be conducted in lead-lined or other 
corrosion-resistant apparatus, since practically 
all types of sulphur compounds are encountered, 
including hydrogen sulphide, sulphur dioxide, 
and sulphuric acid. 

The spent acid from relatively light treatments 
may be partly recovered for re-use by (1) Dilu¬ 
tion of the sludge with water to separate tars and 
insoluble reaction products; (2) concentration 
of the separated dilute acid in lead-lined pans. 
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up to about 88 or 90% acid; (3) further con¬ 
centration of the a(‘id in iron pans to the desired 
strength, usually 93-12% by weight HoSO^ 
(sp.gr. 1-842). 

Recovered acid is black on account of the 
presejKie of high molecular-weiglit tarry com¬ 
pounds and cannot always bo used in the treat¬ 
ment of oils to produce water-white products, 
since some of the colouring matter redissolves 
in the oil. H owever, a supplementary treatment 
with fresh acid can be used to remove the 
coloured products. Sludges from treatments 
with acids of high concentration at elevated 
temperatures may contain only small amounts 
of free acid, and such sludges may be more 
e(;onomicalIy burned under boilers or stills than 
subjected to recovery processes. 

Alkali Treatments. 

Various alkalis are used for removing naph¬ 
thenic acids and phenolic compounds from 
primary petroleum distillates. The acids and 
phenols are recoverable by subsequent acidifi¬ 
cation of the soap and phcnolate solutions. The 
most commonly used alkali is an aqueous solu¬ 
tion of sodium hydroxide, which may vary in 
concentration from as low as 1% to as high as 
30% by weiglit. A preliminary treatment with 
sodium or potassium hydroxide solution removes 
hydrogen sulphide. After sulphuric acid treat¬ 
ment alkalis are used to neutralise free acid and 
react with acidic reaction products. Alter¬ 
natively, other alkaline materials such as sodium 
carbonate, ammonia, ammonium hydroxide, 
lime, and magnesia havt- also been used. 

Sweetening. 

Many gasolines and particularly those pro¬ 
duced by cracking sulphur-containing stocks 
contain mercaptans, which impart a disagreeable 
odour to the gasoline. Further disadvantages 
due to these compounds are that they are cor¬ 
rosive and that they reduce the susceptibility of 
gasolines to improvement in anti-knock value by 
the addition of tetraethyl-lead. While other 
types of sulphur compounds may be tolerated in 
limited amounts, the substantially complete 
removal of hydrogen sulphide and mercaptans 
from gasolines is desirable. 

Removal of hydrogen suljjhide is readily ac¬ 
complished by treatment with aqueous sodium 
hydroxide solutions. However, this reagent does 
not completely remove higher molecular-weight 
mercaptans, but only the methyl and ethyl com¬ 
pounds. The earliest process for deodorising 
gasolines containing mercaptans used an aqueous 
solution of sodium plumbitc, made by dissolving 
litharge in aqueous sodium hydroxide solutions 
of about 15-30% weight concentration. The 
sodium plumbite exerts an oxidising effect on 
mercaptans so that they are converted to dialkyl 
disulphides. The reactions involved in the 
sodium plumbite treatment aix) as follows; 

2RSH+Pb(ONa)a=Pb(RS)a+2NaOH 
(RS)2pb+S-RgSa-|- PbS 

Flowers of sulphur are required to complete the 
second reaction unless the oil contains a suffi¬ 
cient quantity in solution. The disulphides 
VoL. IX.-~-24 


which remain in the oil are odourless but they 
lower susceptibility of some gasolines to anti¬ 
knock improvcnitmt by addition of tetraethyl¬ 
lead. 

Alternative treatments to the sodium plum¬ 
bite pro<ess include a number which depend 
upon similar oxidising effects. These include 
hypoclilorous acid, sodium and calcium hypo¬ 
chlorites, (‘hlorinc, and ammoniaeal solutions of 
copper salts. While many of these have been 
used wdth good siiecess for d(H)dorising, none of 
them remove appreciable arnouids of sulphur, 
from the oil. 

Later j^roeesses have been developed which 
remove mercaptans instead of merely converting 
them to odourless sulphur compounds. These 
processes employ alkaline reagents containing 
chemicals which promote the solubility of the 
mercaptans. One of the commercially su(;ce8sfiil 
processes is the “ Ibiisol ” process which uses 
aqueous sodium hydroxide containing metha¬ 
nol.’^® This type of reagent takes out sub¬ 
stantially all mercaptans and the spent material 
is readily regenerated by steam distillation, 
which vaporises methanf)! and mercaptans, the 
sodium hydroxide remaining as a residue. In 
the “ Soliitiser ” process, a compound such as 
sodium /.‘.-obutyrate is added to aqueous sodium 
hydroxide to increase the solubility of the mer- 
eaptans.”® In the regeneration step, tannin is 
added to promote the oxidation of sodium mer- 
captidcs.”'^ In another process, known as the 
“ Mercapsol ” process, aqueous sodium hydroxide 
(jontaining naphthenic acids and cresols is used 
to extract the mcrcaplans.® 

Absorbents. 

One of the earliest methods for the physical 
separation of undesired constituents of petroleum 
fractions w as filtration through beds of granular 
absorbent materials. In order to lighten the 
colour of lubric ating stocks, they are percolated 
through granular carbon such as bone char or 
fuller’s earths at moderately elevated tempera¬ 
tures of the order of G0-71°c. (140-16ff f.). 
Such types of absorbents exhibit a selective 
action on colouring matter, suspended resins 
and asphaltic substances, and polymerisable 
compounds. They are also used to neutralise 
oils by the removal of acids, alkalis, and soaps. 
In addition to lubricating oils, paraffin wax, 
vas(4ine, and medicinal oils are bleached by 
absorbents. 

A variety of absorbent materials have been 
employed with varying success. Among these 
are animal, vegetable, and mineral chars, the 
so-called activated carbons, ferric hydroxide, 
and silica and alumina gels. The absorbents 
most commonly used at the present time are 
those made by the activation of Bentonite clays 
and Montmorillonite. The last-named mineral 
is a hydrated aluminium silic'ato with a high 
silica-alumina ratio (4:1), which is further in¬ 
creased by treatment of the raw mineral wdth 
sulphuric or hydrochloric acid to extract oxides 
of iron, calcium, magnesium, and a portion of the 
aluminium, the acid-treated material contain¬ 
ing some uncombined silica. These materials 
are in a finely powdered condition and oils are 
treated with them by what is known as the con- 
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tact method. The powder is stirred in the hot 
oil until the desired absorbent effect is complete, 
after which the particles of absorbent con¬ 
taminated with impurities are removed by 
settling and filtering. 

In one vapour-phase treating process, naphtha 
vapours direct from the fractionator of a crack¬ 
ing plant are passed through beds of granular 
fuller’s earth to remove gum-forming con¬ 
stituents, some cracked stocks requiring no 
further treatment other than a light alkaline 
-wash to render them marketable (Gray process). 
Another commercial vapour-phase process passes 
the vapours of cracked distillates through 
granular bauxite at temperatures of 316-371°c. 
(000-700°f.) under moderate super-atmospheric 
pressures of about 100 psi.^^® This treatment is 
effective in breaking down mercaptans to hydro¬ 
gen sulphide, which can be readily removed from 
the distillates by sodium hydroxide solutions. 
In the hot clay treatment for cracked naphthas, 
the condensate from the cracking plant is 
reheated to temperatures of the order of 204‘’c. 
(400°f.) and pumped under super-atmospheric 
pressure through fuller’s earth. This process 
effects about the same degree of purification as 
the vapour-phase methods. 

Solvent Extraction. 

Various solvents are used selectively to remove 
objectionable constituents from gasolines, naph¬ 
thas, kerosenes, and lubricating oil stocks with¬ 
out chemically altering them. Many solvents 
have been employed, some with commercial 
success. Among these are included methanol, 
liquid sulphur dioxide, nitrobenzene, biS’2:2- 
dichlorethyl ether (‘^ chlorex ”), methylene di¬ 
chloride, triethanolamine, furfural, and various 
phenols. Of these, liquid sulphur dioxide has 
found the most extensive commercial use, this 
liquid having great selectivity for the non¬ 
hydrocarbon organic constituents of petroleums, 
and for aromatic and olefinic hydrocarbons. 
The majority of the solvents employed have 
similar selective action in varying degrees. 
Some are more effective in removing aromatics, 
others for selectively dissolving olefins. Prac¬ 
tically all solvents remove large proportions of 
the sulphur compounds. The liquid sulphur 
dioxide process developed in Rumania by 
Edelaneau has been used in treating kerosene, 
turbine oils, electrical insulating oils, and lubri¬ 
cants. Solvent extraction processes are operated 
both batch and continuously with counter- 
current extraction. The success of any solvent 
extraction process depends on the selectivity of 
the solvent for removing varying concentrations 
of impurity. The selectivity may be modified by 
the use of a mixture of two solvents as in the 
“ duosol ” process. 

PRODUCTS AND USES. 

The direct uses of petroleum and its fractions 
and products from refining processes are as fuels, 
illuminants, lubricants, binders, sealing and 
preserving materials, solvent^ and medicinals. 
Under the fuel heading are inolud^ fuels for 
internal combustion engines, whieh in turn can 
be sub-divided into gasoline and diesel fuels. 


and fuels for domestic and industrial heating, 
steam generation, etc. Natural hydrocarbon 
gases associated with petroleum, gases produced 
incidental to cracking for motor fuels, and gases 
produced by more intensive cracking are also 
used for fuel purposes. Kerosene is used as a 
fuel as well as an illuminant, and the so-called 
gas or furnace oils are used for cracking, heating, 
or diesel fuel purposes, depending upon their 
characteristics. The majority of crude oils 
yield lubricants as heavy distiUate fractions 
from a primary fractional distillation. Asphaltic 
petroleums yield heavy tar-like residues having 
adhesive and ductile properties, and some oils 
contain sufficient percentages of solid paraffins 
for the manufacture of refined waxes, petrolatum, 
etc. 

Petroleum Gases. 

Nearly all petroleums are associated in nature 
with hydrocarbon gases, the pressure of which 
assists in forcing them to the surface; although 
there are many occurrences of natural gas un¬ 
related to petroleum and some occurrences of 
petroleum in the absence of gas pressure. The 
principal component of natural hydrocarbon 
gases is methane, which is presumed to have 
resulted from the fermentation and decom¬ 
position of organic matter, since it is readily 
produced by bacterial fermentation of cellulosic 
materials and other organic substances. Natural 
gas also permeates coal deposits from which it is 
evolved in enormous quantities as the deposits 
are penetrated. 

The characteristic components of natural 
hydrocarbon gases are methane, ethane, pro¬ 
pane, and the butanes. Hydrogen, carbon 
monoxide, oxygen, olefins, and acetylene are 
absent. Many natural hydrocarbon gases con¬ 
tain appreciable amoimts of carbon dioxide, 
nitrogen, and hydrogen sulphide ; a few contain 
helium. I’he gases associated with petroleum 
and coal are distinct from those associated with 
volcanic activities. The latter consist mainly of 
steam, but also contain varying amounts of 
hydrogen, oxygen, nitrogen, argon, helium, 
hydrogen chloride, chlorine, hydrogen fluoride, 
silicon fluoride, and methane. A certain amount 
of methane, along with hydrogen, nitrogen, and 
carbon oxides is evolved on heating rocks. 
Some rook salts yield methane on heating. As 
a rule the methane content of gases evolved from 
coal deposits is higher than that of gases as¬ 
sociated with petroleum. 

The methane content of natural gas may be 
nearly 100% or it may be as low as 10%, with all 
intermediate gradations. The average methane 
content is 76-85%. Ethane varies from 0% to 
as high as 60%. Carbon dioxide contents of 
1-5% are common, although this gas may be 
completely absent. In ^unusual cases the gas 
may contain 26% carbon dioxide, and a few 
natural gases consist entirely of this compound. 
Gases containing 88% nitrogen have been noted. 
The specific gravity referred to air varies from 
that of pure methane having a figure of 0*67 to 
gases with a low methane content having a 
specific gravity os high os 0-89. Heating vahies 
may vary from 100 to over U300 B.Th.U.’s per 
cu. ft. 
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Natural gases unassociated with petroleum 
are usually “ dry;” wliich term means thar 
they are deficient in the heavier hydrocarbon 
components and contain less than 0*1 gallon of 
normally liquid hydrocarbons per thousand 
cubic feet of gas. Natural gases dissolved in 
petroleum at high underground pressures and 
released as the oil is brought to the surface of the 
ground contain greater quantities of the vapours 
of normally liquid compounds, so that some yield 
over a gallon of gasoline per thousand cubic feet 
of gas. Gases yielding 0-3 gallons and more of 
gasoline per thousand cubic feet are classified as 
“ wet.” Natural gasoline thus recovered con¬ 
tains u'obutane and w-butane, isopentane, n- 
j)entane, hexanes, heptanes, and octanes; the 


higher the molecular weight the less the propor¬ 
tion. cyc^oPropanc, cyciobutano, and cyclo- 
pentane have been identified, and also small 
amounts of Tieopentaiie, triraethylethane, ami 
dimethylpropylmethane. Benzene, toluene, and 
w-xylone have been found in some natural 
gasolines. 

Analyses of some American natural gases are 
shown in Table XXXllT, along with their 
heating values and specific gravities referred to 
air.120 The analyses are typical and indicate the 
variations in composition W'hich may normally 
be expected. Tlie methane content varies from 
a high of 99*2% to a low figure of 32-3%. 
Ethane varies from 0 to 67%, carbon dioxide 
from 0 to 26*2%, and nitrogen from 0*6 to 38-4%. 


Table XXXIII. —Analyses of Natural Gases from American Fields. 


State. 

Methane 

(CH4). 

COMPC 

Ethane 

(C2H6). 

)NENT. 

Carbon 

(lioxhJe 

(CO2). 

Nitrogen 

(N2). 

B/l'h.TJ. per 
cu. ft., 0°c. 

Sp.gr. 
(air- 1). 

Alabama 



97-6 

0*0 

0-3 

2-10 

1,039 

0-57 

Arkansas . 



99*2 

00 

0-2 

0-6 

1,057 

0-56 

(^aliforniii . 



59-2 

13-9 

262 

0-7 

889 

0-88 

Illinois 



37-5 

59-6 

00 

1-7 

1,591 

0-86 

Kansas . 



96-4 

]'3 

0-9 

1-4 

1,051 

0-58 

Kansas . 



62-2 

18-38 

— 

18-64 

930 

— 

Kansas . 



90-5 

2-5 

0-4 

6-6 

1.010 

0-60 

Kansas . 



83-0 

8-64 

— 

7-95 

970 

— 

Kentucky . 



76-4 

22-6 

0-0 

1-0 

1,234 

0-67 

liOiiisiana . 



96-6 

0-0 

1-4 

2-1 

1,028 

0-58 

Missouri 



92-6 

4-3 

0-6 

2-5 

1,066 

0-59 

New York . 



84-0 j 

15-0 i 

0-0 

1-0 

1,174 

0-63 

New York . 



781 

19-9 

00 

2-0 

1,202 

0-64 

Ohio 



83-5 

12-8 

0-0 

1 3-7 

1,127 

0-63 

Ohio 



83-5 

12-5 

0-2 

3-8 

1,122 

0-63 

Oklahoma . 



93* 1 

5-7 

[ 0-4 

0-8 

1,098 

0-59 

Oklahoma . 



70-7 

18-65 

1 — 

9-32 

1,025 

— 

Oklahoma . 



88-6 

i 5-0 

1-4 

4-4 

1,048 

0-61 

Pennsylvania . 



900 

9-0 

0-2 

0-8 

1,126 

0-60 

Pennsylvania , 



32-3 

670 

0-0 

0-7 

1,591 

0-89 

Texas . 



60-6 

10-9 

0-1 

38-4 

742 

0-77 

Texas . 



840 

12-0 

— 

2-5 

1,060 

— 

Texas . 



98-0 

0-0 

0-7 

1-3 

1,044 

0-57 

Texas . 



60-6 

10-9 

0-1 

38-4 

742 

0-77 

West Virginia . 



82-0 

17-0 

0-1 

0-9 

1,189 

0-64 


The still gases vented from the gasoline 
receivers in primary petroleum distillation plants 
are valuable sources of propane, butanes, and 
pentanes. The natural hydrocarbon gases are 
more soluble in light than in heavy petroleums, 
and the lighter petroleums therefore yield gases 
containing smaller amounts of methane and 
larger amounts of ethane, propane, butanes, and 
heavier hydrocarbons. 

Natural gases are widely distributed in the 
United States, Canada, and Mexico, and the oil- 
producing areas in South America. They also 
occur in England, Hungary, Poland, Kussia, 
Rumania, Germany, France, Italy, Iran, Aus¬ 
tralia, the Ea«t Indies, China, and Ja^n.^*^ 
Underground pressures as high as 4,000 lb, per 
sq. in. have been eneoxintered, and in many 


places there are continual seepages of gas to 
funiish fuel for perpetual fires, as on the Caspian 
Sea near Baku. Commercial use of natural gas 
is recorded in the United States as early as 1821, 
and a five-mile pipeline was built in Pennsyl¬ 
vania in 1876 to supply the city of Titusville. 
In 1889, 250 billion * cu. ft. of natural gas was 
marketed in the United States,and in 1944 
the amount had grown to nearly 3*76 trillion * 
cu. ft.^^® 

In 1944 the estimated reserves of natural gas 
in the United States were 110 trillion cu. ft. 
Table XXXIV shows the growth of reserves and 
the production in the United States from 1926 
to 1946.^®*' Various experts have given 
estimates ranging from 110 to as a high as 300 

• One U.S. billion =« 10 ®; one U.S. trillion—10^2, 
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trillion cu. One authority states the figure 

at 200 trillion cu. 


Table XXXIV,— Growth of Natural Gas 
Reserves and Production in the United 
States. 


Year, 

Estimated 
proved 
i reserves 
January 1. 

Total (a) 
production 
for year. 

llatio of 
reserves to 
production. 


1 (Trillion cubic feet.) 1 


] 02{) 

23 (b) 

1-88 io) 

12-2 

1931 

40 (c) 

2-58 (g) 

17-8 

1935 

62 (d) 

2-40 

25-8 

1938 

60 (d) 

2*95 

22-4 

1939 

70 (e) 

3*15 

22*2 

1941 

85 id) 

3*44 

24-7 

1943 

110(/) 

4-00 ih) 

27*5 

1944 

110 (/) 

3 04 

30*2 

1945 

135 127 

4*30 127 

31-3 


(a) Gas markctod ]>lus gas lest, and wasted as re¬ 
ported by United States .hureaii of Mine.s. 

(b) Private estimate. 

(c) By Earl(‘ P. Iliiidcs. 

(d) By Balph iO. Davis. 

(e) By Lyon F. 'J’erry. 

if) Petroleum Administration for War, including 
solution gas and gas ca]) reserves. 

(g) Marketed production per United States Bureau 
of Mines, plus estimate of losses and waste. 

(h) Preliminary estimate. 

The principal use of natural hydrocarbon gases 
is as fuel for domestic and industrial heating. 
Large volunie\s of natural gas are used in the 
manufacture of carbon black by smothered com¬ 
bustion, these blacks being used in rubber, ink, 
and paint. Pro in 1*75 to 2 lb. of carbon black 
is obtained per thousand (;ubic feet of gas burned. 
In 1943, 593,421,000 lb. of carbon blacks were 
produced from natural gas in the United States, 
principally in plants in Louisiana and Texas. 

Helium is one of the important products 
obtained from natural gas.^*-^® The chief source 
of production is from gases in Texas, Kansas, 
and Oklahoma in the United States, and 
Ontario and Alberta in Canada. The amount of 
helium present in these gases varies from a 
fraction of 1% up to about 16%. Helium is 
obtained from the liquefied gaseous mixture by 
fractional distillation in about 98% purity. Its 
main use is for the inflation of dirigible aircraft, 
although it has been used in fireproofing of high- 
tension switches, in gas mixtures for resuscita¬ 
tion of suffocation victims, in the welding and 
annealing of metals, and in electric-discharge 
lamps. 

Both methane and ethane and also mixtures 
of propane and butanes have been compressed 
and used as motor fuels.Methane has been 
used as a compressed gas and a.s liquid methane 
{v. Vol. VHI, 16), although the low temperatures 
which must be maintained in the latter case are a 
disadvantage. [Critical temperature of methane 
is —82-5°c. ( — il6°F.), and the critical pressure 
is 660 psi. gauge.] Methane is supplied in 
cylinders under pressures of 3,000 -5,000 psi. 
for motor-fuel purposes. The methane which 
is used for motor fuel in Europe is obtained from 
natural gas, gases from petroleum refining, coal 
hydrogenation, Fischer-Tropsoh hydrogenation 
of carbon monoxide, coal carbonisation, coal 
mining, and the fermentation of city sewage. 


Liquid propane-butane mixtures are marketed 
under pressure in cylinders for motor fuel and 
for domestic heating. These mixtures usually 
contain projianc, a-butane, and Lvobutane. The 
octane ratings are around JOO, being higher 
when they contain higJier percentages of propane. 
Such mixtures are used not only in Euro])o but 
ill continental United States. One commonly 
used mixture consists of 50% w-bntane, 30% 
wobiilan<‘. and 20% fjropane by volume. 

Natural gas stripped of its gasoline content is 
used for repressuring oil-bcaring formations to 
restore petroleum production in depressured 
fields or to maintain oil-field pressures. 

Natural Gasoline. 

By the use of cooling, compression, and absorp¬ 
tion methods, large (juantities of gasoline an* 
recoverable fiom the “ wet ” natural gases to 
supplement the production by distillation and 
cracking of petroleums and their fractions. I’he 
natural gasoline industry has grown rapidly in 
the ten years preceding 1944. 'Fable XXXV 
shows the animal production in the United 
States during this period.In addition to 
the 1944 production of natural gasoline shown 
in the table, over 27,000,000 barrels of similar 
products were manufactured from refinery gases, 
bringing the total to 100,000,000 barrels. 

Table XXXV.— ^U.S. Natural Gasoline 
Production by Years. 


Year. 

Natural gasoline 
jjrodueed (barrels). 

1934 . 

.... 36,566,000 

1935 . 

.... 39,333,000 

1930 . 

.... 42,770,000 

1937 . 

.... 49,177,000 

1938 . 

.... 51,347,000 

1939 . 

.... 61,660,000 

1940 . 

. . . . 66,249,000 

1944 . 

.... 100,637,000 132 


Gases from Cracking. 

In cracking petroleum fractions with the 
primary object of producing motor fuel, there is 
a concomitant production of gases which con¬ 
tain, in addition to the hydrocarbons present in 
natural, casing head, or still gases, hydrogen 
and uusaturated hydrocarbons. The latter in¬ 
clude ethylene, propylene, and butylenes, their 
percentages depending upon the severity of the 
cracking conditions employed. In addition, 
these gases contain small amounts of hydro¬ 
carbons containing more than four carbon atoms 
per molecule, which are normally liquid. Gases 
from severe cracking at high temperatures of the 
order of 593-760''c. (1,100-1 ,400 °f.) contain 
acetylene, diolefiiis such as butadiene, and cyclo- 
olefins.^®® If the oil cracked contains sulphur, 
the cracked gas mixture will contain hydrogen 
sulphide and mercaptans. The gas from the 
cracking of oils containing oxygen compounds 
may contain carbon monoxide or dioxide, and 
the cracking of nitrogen-containing oils may 
yield traces of ammonia or alkylamines. 

The quantity of gas produced in cracking for 
gasoline varies with the character of the oil and 
the extent of cracking. In mild thermal crack- 
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ing, about 2% by weight of the oil may be con¬ 
verted to gas, while in more severe operations 
over 25% may appear as gaseous products. The 
amount of hydrogen in such cracked gases varies 
from 3% to as high as 11% or 12%, and the total 
content of olefins may bo as low as 3% or as 
high as 40%. The specific gravity referred to 
air approaches unity in some cases and the 
heating values are correspondingly high, fre¬ 
quently around 1,500 B.Th.U.’s per cu. ft. 
or higher. Analyses of typical gas mixtures 
from oil cracking plants are given in Table 
XXXVI.134. 136.136. 137 Column 1 in the table 
shows the analysis of the gas from the gasoline 
receiver in a plant cracking a Mid-Continent 
gas oil. Column 2 shows the analysis of a 
mixture returned to the stabliser column as 
reflux, and column 3 the gas mixture evolved 
from the stabiliser in the cracking of the same 
oil. Column 4 shows the analysis of the total 


gas from the thermal cracking of a Mid-Continent 
reduced crude, one from which motor fuel and 
kerosene fractions had been distilled. Columns 
5 and 6 show comparative analyses of the total 
gases obtained by the thermal and catalytic 
cracking respectively of another Mid-Continent 
gas-oil fraction. The catalyst used was a 
synthetic silica-alumina composite, and it is 
noteworthy that the use of this catalyst pro¬ 
duced gases containing about twice as much 
propylene, five times as much wobutane, and 
larger amounts of butylenes. A further cha¬ 
racteristic of the mixture from the catalytic 
cracking is the greatly increased amount of 
««obutane, which is about five times the amount 
of normal butane in the mixtiue. Columns 7 
and 8 show typical analyses of gas mixtures from 
high temperature vapour-phase cracking of a 
petroleum distillate. The content of ethylene in 
these mixtures is from three to eight times that 


Table XXXVI.— Composition of Gases from Crackii^g. 


(^on»pon<'rit. 

1. 

2. 

3. 

4. 

.5. 

6. 

7. 

8. 

Hydrogen 


4-3 

— 

01 

5-0 

30 

5-0 

7-0 

8-8 

Methane . 


22*2 

01 

3*4 

240 

250 

130 

30-0 

40-5 

Ethane , 


l7-3 

3-2 

140 

130 

190 

5-0 

12-0 

9-9 

Ethylene 


60 

0(> 

90 

5-0 

30 

5-0 

23-0 

26-4 

l^ropane , 


26-8 

22-0 

32-5 

190 

200 

110 

4-0 

4-0 

Propylene 

• 

11*2 

150 

22-5 

130 

110 

23 0 

14-0 

8-0 

?i-Butane 
isoButano 

r 

5-6 

37-5 

0-5 

9-0 

r6-5 1 
13-5 

3r>j 

19'5f 

2-0 ^ 

} 

?i-Butylenes . 

'l 

4-0 

ri2-() 

8-0| 1 

120 

/()•() 

10-01 

6-0 

/wButyleno , 

J j 

1 ! 

4*0/ 1 

13'0 

ri-oj 


Butadiene 

1 

• ] 

— 

— 


— 

— 

! - 

! 1-0 


Pentanes . 

• 1 

0-2 

1-2 

0*2 

— 

— 

— 

_ 

0-1 


1. Has from jJiaHolinc receiver ; cracking Mid-Continent gas oin 

2. Stabiliser reflux ; cracking Mid-Continent gas oil m ref. 134). 

8. Stabiliser gas ; cracking Mid-Continent gas oil J 

4. Total gas ; thermal cracking of Mid-Continent reduced crude'] 

5. Total gas ; tlicrmal cracking of Mid-Continent gas oil > (ref. 135). 

0. I’otal gas ; catalytic cracking of Mid-Continent gas oil J 

7. Cas from gasoiiuo receiver ; vapour-phase thermal cracking (ref. 136). 

8. Total gas ; vapour-phase thermal cracking (ref. 137). 


of the other gas mixtures, while the amounts of 
propane, butanes, and butylenes are much lower. 
Butadiene is practically always present in gases 
from' vapour-phase cracking, whereas it is 
scarcely ever present in detectable quantities in 
gas mixtures from liquid vapour- phase cracking 
processes. Butadiene can be produced in 
amounts corresponding to about 5% by weight 
of oils (tracked at temperatures of 760-815°c. 
(1,400-1,500 °f.). Vapour-phase cracking also 
produces gases containing largo percentages of 
hydrogen and methane in comparison with 
gases from mixed-phase cracking at lower tem¬ 
peratures. The olefin content of cracked gases 
makes them a rich starting material for the 
manufacture of chemical derivatives. The frac¬ 
tionation of gas mixtures from cracking-plant 
stabilisers yields mixtures comprising largely 
butanes and butylenes, which are either treated 
in polymerisation plants to produce isooctenes 
from the butylenes or charged to alkylation units 
after tl^e addition of i«obutane from other 
sources. 

Petroleum fractions, both normally gaseous 
and normally liquid, are cracked for the manu¬ 


facture of gases at higher temperatures than 
those employed in cracking for gasoline. These 
high-temperature processes are the source of 
iPintsch gas and Blau gas. The temperatures 
used in these processes vary from about 700 to 
900°c. (1,292 to 1,652°f.), and cracking is con¬ 
ducted in regenerative furnaces containing 
checker brickwork which is alternately fired to 
raise its temperature and then used to crack the 
oil vapours. The ranges in composition of 
Pmtsch gas are given in Table XXXVII.^®® 

Table XXXVII. 

"uby volume. 

llydrogon.10-20 

Methane.30-40 

Ethane.5-15 

Olefins, principally ethylene . 20-40 

Cracking can be conducted with the object of 
making ethylene, propylene, and higher olefins 
at temperatures of 650-850°o. (1,206-1,652 ®f.) 
to yield 900-1,400 cu. ft. of olefins and diolefins, 
per barrel of gas oil. 
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Table XXXVIII shows the yields of gas and 
olefins per barrel of gas oil produced in typical 
runs.139 

Table XXXVIII. 


Temperature. 

Yield, 
cu. ft. 

Olefins 

(and 

dioleflns), 
vol. %. 

Olefins, 
cu. ft. 

°C. 


per barrel. 

per barrel. 

743-785 

082-780 

700 

800-850 

650-750 

1,352-1,455 

1,201-1.400 

1,292 

1,472-1,562 
(1,202- 1,382 

2,800-3,365 

2,490-2,063 

2,520 

2,87(V-3,255 

1,887-2,884 

27*3-36-6 
30*1-.35-8 
36-5 

43T-46-2 

43-6-30-0 

906-1,094 

891-930 

919 

1,325-1,402 

822-882 


The gases produced by high-temperature 
cracking have high heating values of 1,200- 
1,500 B.Th.U.’s per cu. ft. and are used to car- 
biirate water gas and producer gas. 

The gases from cracking propane at tempera¬ 
tures of 900-1,200°o. (1,652-2,192 °f.) contain 
increasing amounts of acetylene up to about 15% 
of the gas mixture and give maximum yields of 
ethylene at about l,100°c. (2,012 °f.), after which 
the ethylene yield decreases and the acetylene 
yield increases. More data on the production of 
acetylene and its uses is found in the “ Special 
Products ” section. 

Motor Fuel. 

The use of the fractions of petroleum as fuel 
for various types of internal combustion engines 
is of major importance at the present time 
(1945). In the United States, one-half of the 
volume of petroleum produced is used in internal 
combustion engines as motor gasoline, aviation 
fuel, tractor, and diesel fuel. Production of all 
types of gasoline in 1944 reached 46% of the 
petroleum charged to refineries in the United 
States. 

The turn of this century marked the transition 
from the kerosene to the gasoline age, when the 
automobile appeared as a factor in transporta¬ 
tion. The increasing use of the diesel engine in 
stationary power plants, locomotives, trucks, 
buses, and ships has required increasing amounts 
of the heavier distillate and residual petroleum 
fractions. The latest developments are con¬ 
cerned with special fuels for airplane engines 


which require the highest anti-knock gasoline 
for their operation. Engine fuels may be 
roughly classified as: 

(i) Gasoline, which powers the great majority 

of automotive land vehicles. 

(ii) Aviation fuel, used in the high-compres- 

sion motors of airplanes. 

(iii) Fuels used in high- and low-speed diesel 

engines for vehicles of all types, and in 

stationary power-plants. 

(iv) Tractor fuel. 

Gasoline. 

Gasohne is a mixture of hydrocarbons boiling 
from approximately 38® to 204°c. (100° to 400°f, 
obtained from petroleum or other hydrocarbon 
sources. The end boiling-point varies from 177® 
to 260°c. (360° to 500°f.). Such hydrocarbon 
mixtures are produced in the primary or straight- 
run non-destructive fractional distillation of 
petroleum, in the cracking of its heavier frac¬ 
tions, and in syntheses involving polymerisation 
of gaseous olefins, or the alkylation of wobutane 
or benzene with low boiling olefin hydrocarbons. 
The suitability of a gasoline for use in a given 
engine depends upon a large number of factors, 
including the relative proportions and boiling- 
points of the paraffinic, olefinic, cycZoparaffinic 
and aromatic hydrocarbons which it contains, 
and the molecular structures of these compounds. 
Before the automobile began to cause excessive 
demands for gasoline and before the use of in¬ 
creased compression ratios to seek higher 
thermal efficiencies in the engines, the market 
for gasoline was supplied by straight-run pro¬ 
ducts boiling from normal temperatures up to 
about 150°c. (300 °f.). As volume requirements 
increased, the end boiling-point was raised and 
the cracking process developed to augment the 
supply of natural product. In the interval 
between 1920 and 1944 in the United States, the 
volatility of gasoline as determined by its distil¬ 
lation test figures experienced considerable 
variation, as shown in Table XXXIX, which 
gives average values for marketed fuels. 

The data in the table show that gasoline has 
become considerably more volatile from 1920 
until about 1942. Up to the latter year all 
indicated boiling-points were becoming lower. 


Table XXXIX.— BonjNa-PoiNTS or Gasoline (U.S.A.). 


Year. 

Initial b.p. 

10%. 

50 

%. 

90 

%. 

End b.p. 1 


°c. 

°F. 

°c. 

°F. 

°c. 

°F. 

°o. 

°F. 

0°. 

°F. 

1920 — Jan. 

48 

119 

78 

172 

126 

259 

187 

369 

219 

427 

July . . . 

54 

130 

83 

182 

131 

268 

198 

388 

230 

446 

1926 — Jan. 

34 

93 

68 

155 

129 

264 

193 

380 

217 

423 

July . . . 

38 

100 

72 

162 

130 

266 

194 

382 

216 

421 

1930 — Jan. 

34 

93 

69 

139 

124 

256 

188 

371 

208 

406 

Aug. . . . 

38 

100 

68 

155 

129 

265 

187 

368 

207 

406 

194a-July * . . . 

39 

102 

63 

145 

114 

238 

172 

341 

201 

393 

1941—Jan.* . . . 

33 

91 

54 

130 

109 

228 

170 

338 

199 

391 

1942—Jan.* 

34 

93 

53 

127 

108 

226 

166 

331 

106 

383 

1943-~-July * . . . 

38 

101 

69 

139 

113 

236 

168 

334 

201 

393 

1944—Jan.* . . . 

34 

93 ! 

65 

131 

117 

242 i 

174 

345 

206 

401 

1944—July* . . . 

39 

103 

63 

146 

123 

253 

178 

353 

208 

407 


* Average of premium, regular, and third^grade fuels. 
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although seasonal variations were still in evi¬ 
dence. The figures, for 194-4 show the effect of 
wartime conditions, particularly in regard to the 
10, 60, 90, and end boiling-points, although the 
initial boiling-points show no significant change. 

The use of increased compression ratios 
brought to light the fact that gasobnes of certain 
types exhibited a tendency to “ knock ” or 
detonate, with resulting loss -in engine power and 
efficiency. Originally motor fuels were graded 
in respect to their knocking tendencies by com¬ 
paring them in standard test-engines with blends 
of straight-run gasolines having high knocking 
properties, and either aniline or benzene having 
anti-knock properties. Between 1922 and 1930, 
extensive researches on the knocking problem 
evolved iaooctane as a standard non-knocking 
hydrocarbon and brought improvements in 
standard test engines. The knocking tendencies 
of gasolines are determined in one-cylinder 
engines of standardised de.sign by comparing the 
f)erformanee of an unknown fuel with the per¬ 
formance of mixtures of n-heptane, to which a 1 
zero anti-knock rating is assigned, and an iso- 
octane, 2:2:4-trimethylpentane, which is given 
an arbitrary rating of 100. The volume per¬ 
centage of wooctane in a blend with ?i-heptane 
which duplicates the performance of an unknown 
sample in a test engine is taken as its octane 
number {v. Vol. VIII, 632c). Since the power 
developed and knocking tendencies of a fuel are 
influenced both by the speed of the engine and 
the richness of the fuel-air mixture fed to the 
cylinders, full-range testing is practised to enable 
more complete evaluation of fuels under varying 
conditions of load and speed. The anti-knock 
value of aromatic hydrocarbons increases 
slightly as engine speeds increase, that of olefinic 
hydrocarbons decreases considerably, and that 
of paraffinic hydrocarbons decreases slightly. 

The method for testing gasolines to determine 
their knock characteristics has been tentatively 
standardised by the American Society for Test¬ 
ing Materials under their test designation 
D-357-37T. This method of determining octane 
numbers is commonly referred to as the A.S.T.M. 
or Motor Method. At the present time this 
octane number is the most important single 
property of a spark-ignition internal-combustion 
engine fuel. The compression ratio of United 
States passenger cars increased firom 6*3 in 1931 
to 6-7 in 1942,^^^ and in this same period the 
anti-knock quaUty of fuels increased as shown in 
Fig. 36 to a maximum in 1941 and 1942.^^* The 
drop in quality from this time to 1945 was 
because of increased wartime demands for auto¬ 
motive and particularly high anti-knock aviation 
fuels.^^® At the termination of the Asiatic 
conflict in August, 1945, aviation-fuel demands 
dropped sharply and upward trends in anti¬ 
knock value of motor fuels were soon observed. 
However, these trends were not uniform. 

The tendency of a gasoline to knock is depen¬ 
dent on the design and operation of the engine, 
so that the octane number determined in a 
standard one-cylinder test engine is an empirical 
figure not always related to knocking in a multi¬ 
cylinder Uutompbile engine. However, the value 
indicates roughly the performance to be ex¬ 
pected in an automobile running under rather 


severe conditions of load and speed. Higher 
octane numbers mean generally higher effi¬ 
ciencies, although there is no advantage in 
employing a fuel having an octane number 
higher than that necessary to avoid knocking in 
a given engine. 

There are four requirements for a satisfactory 
gasoline: 

1. Its volatility should be controlled to permit 

easy starting, quick warm-up of the 
engine, satisfactory acceleration of the 
car; no dilution of crankcase lubricants 
and no vapour lock due to excessive 
vaporisation in the carburetter; 

2. Its octane number should be high enough 

to eliminate detonation; 

3. It should contain no gum-forming com¬ 

pounds ; 

4. It should be free of abrasive or corrosive 

materials. 



As a result of many tests it has been deicr- 
mined that: 

1, The initial boiling-point of a gasoline is 

without significance; 

2. The 10% boiling-point determines the ease 

of starting and the tendency to vapour 
lock; 

3, The 50% point controls the warming up 

period; 

4. The 90% point (since it indicates the dew 

point, which in turn determines the 
proper manifold temperatures), in¬ 
fluences power output, engine economy, 
and satisfactory acceleration, and indi¬ 
cates possibilities of crankcase lubricant 
dilution; 

6. The end point has minor significance. 

The determination of the vapour pressure of a 
gasoline in a standard bomb at 38°o. (100®r.) 
gives another indication of its volatility cha¬ 
racteristics. If the vapour pressure exceeds a 
certain amount, depending upon the atmospheric 
temperature and the temperature of the fuel 
system, too much of the fuel will boil off in the 
carburetter and the motor will stall because of 
too lean a mixture in the-manifold. At 10®o. 
(60®r.) the vapour pressure should not be over t 
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14 lb. in the standard Reid test, while at an 
atmospheric temperature of 38°c. (100 °f.) the 
vapour pressure should not exceed 7 lb. if 
vapour locking is to be avoided. The Reid 
vapour-pressure test has been adopted by the 
American Society for Testing Materials as tenta¬ 
tive standard 0-323~37T. 

The gum content and the potential gum-form¬ 
ing hydrocarbons should bo low to i)revent plug¬ 
ging of fuel lines and carburetter jets and stick¬ 
ing of inlet valves. Gums are (letermined by 
evaporating 100 ml. of gasoline in a small glass 
beaker on a steam bath. The details of this 
method for determining the actual gum content 
of gasoline have been adopted by the American 
Society for 3’esting Materials under their designa¬ 
tion l>-381-13-30. This is now the American 
Petroleum Institute standard under their 
number 529-36. Satisfactory gasoline should 
have no more than 7 mg. of gum per 100 ml. of 
sample. 

The amount of sulphur which can be present 
in motor fuel without endangering engine parts 
is higher than most 8j)ecilications permit. Venti¬ 
lating systems on the crankcases of present-day 
automobiles prevent condensation and eliminate 
any possibility of corrosion by acids of sulphur. 
Since 1930 restrictions on sulphur content have 
been eased considerably. The United States 
government now accepts gasoline containing 
0*25% sulphur (1945). 

Although for a long time gasolines were 
marketed on a specific-gravity basis, it is now 
known that this property does not determine the 
suitability of a gasoline for use in an engine. 

Hydrocarbons in Gasolines. 

The relative proportions of paraffin, olefin, 
c?/c/oparaffin, and aromatic hydrocarbons vary 
markedly in gasolines. Those of the straight- 
run variety are composed principally of paraffin 
and ci/cZoparaffin hydrocarbons, though a few 
contain aromatic hydrocarbons. Cracked gaso¬ 
lines are characterised by higher percentages of 
both olefinic and aromatic hydrocarbons than 
are found in straight-run products, the olefins 
being the typical components. In gasolines of 
adjusted vapour pressure, the lowest boiling 
compound will bo propane, and there will be 


considerable quantities of butanes and pentanes. 
Prior to the instigation of the American 
Petroleum Institute Project in 1928 for the 
separation and identification of hydrocarbons in 
gasoline, little was actually known of the com¬ 
pounds present, although group analyses indi¬ 
cated the variations in composition. Various 
methods are used to determine the group com¬ 
position of light petroleum distillates. These 
depend upon the relative activities of olefins and 
aromatic hydrocarbons with sulphuric acid, the 
determination of halogen numl>ers and molecular 
weights of various fractions, the nitration of 
aromatic hydrocarbons with mixtures of sul¬ 
phuric and nitric acid and the temperatuii's of 
complete miscibility with aniline of residual 
mixtures of paraffins and C7/(^/aparaffins after 
removal of olefins and aromatic s. Many group 
analyses have been published based on these 
difl'eront methods, which at best arc only 
approximate. In regard to determining relative 
proportions of normal and branched-chain 
paraffin and olefin hydrocarbons, the location of 
side groups, or of double bonds in the (iase of 
olefins, available methods are not fully adequate. 
Infra-red sjxM tra are available for normal and 
branched-chain paraffin hydrocarbons contain¬ 
ing up to eight carbon atoms, but values for all 
olefins containing up to seven carbon atoms have 
not been reported, and lionets cstimatioT) of 
paraffin and olefin molecules by infra-red 
methods is definitely limited. The use of all 
spectroscopic methods involving infra-red, ultra¬ 
violet, A-ray, Raman, and other spectra will 
increase as values continue to be determined on 
pure hydrocarbons. Some idea of the location 
of olefin double bonds may be obtained by form¬ 
ing ozonides. Another factor entering into 
hydrocarbon group analyses is that of mixed 
composition. E.g., styrene may bo classe^d either 
as an olefin or an aromatic, and a compound such 
as hexylcyciohexane may exhibit both properties 
of paraffins and naphthenes, and bo classed one 
time as a hydrocarbon of the former group and 
another time as one of the latter group, depend* 
ing upon the method of analysis. 

Table XL shows the group composition of 
different boiling-range fractions of five straight- 
run distillates.^^* 


Table XL. —Hydrocaebon Gboup Composition of 60-300°c. (140-572°f.) Fractions. 




Bibi-Eibat, 

U.S.S.ll. 

Mexia, Texas. 

Tonkana, 

Oklahoma. 

Davenport, 

Oklahoma. 

Huntington 

Beach, 

California. 

. Fraction, b.p. 

Paraffins. 

Naphthenes. 

Aromatics. 

cn 

1 

Naphthenes. 

Aromatics. 

Paraffins. 

a 

a> 

1* 

A 

es 

Aromatics. 

c» 

e 

2 

A.I 

Naphthenes. 

Aromatics. 

Paraffins, 

Naphthenes. 

Aromatics. 

°C. 

60-95 

®F. 

140-203 

67 

40 

3 

54 

17 

29 

68 

26 

6 

74 

21 

6 

66 

31 

4 

95-122 

203-252 

46 

52 

3 

67 

22 

21 

58 

34 

8 

65 

28 

7 

46 

48 

6 

122-150 

262-302 

27 

66 

7 

58 

23 

19 

45 

43 

12 

56 

33 

12 

65 

33 

11 

160-200 

302-392 

19 

69 

12 

63 

21 

16 

39 

41 

20 

66 

29 

16 

22 

61 

17 

200-260 

392-482 

27 

61 

22 

68 

20 

12 

44 

1 

22 

62 

31 

17 

30 

45 

26 

250-300 

482-672 

29 

41 

30 

59 

29 

12 

46 

! 29 

i 

25 

61 

32 

17 

31 

40 

29 
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The data show an upward trend in aromatic 
content as boiling-points increase, with the 
ox(‘ei)tion in the case of the Texas gasoline. The 
parafhn content invariably dccrc5aBe8 as the 
boiling-point rises. There is no definite trend in 
the pt;rcentage of cyc^oparaffin hydrocarbons. 

Typical group compositions of commercial 
thermally cracked gasolines are shown in 
Table XLI.’45 


Table XIT.—Composition of Gasoline.s 
FROM Thermal Cracking. 




Stocks cracked. 


Hydro¬ 

carbon 

Krou])8. 

lira- 
man 
Toii- 
kawa, 
Kansas, 
topped 
crude. 

Ken¬ 

tucky 

fuel 

oil. 

Smack- 

over 

heavy 

crude. 

North 

'fexas 

fuel 

oil. 

Lost 

Soldier, 

Wyom¬ 

ing, 

crude. 

Vol. % ; 
Olotins . 

10-1 

14-4 

14-7 

lOO 

11-7 

Aromatics 

17-8 

22-5 

27-5 

IH-g 

150 

JS'apli- 

tlicnes 

12-8 

](»-0 

21-2 

] 1-7 

15-4 

Paralllns. 

5;}-3 

53-1 

30C 

53'7 

57 1) 


The olefin percentages shown are lower than 
average, which is more like 20-25% with corre¬ 
spondingly lower percentages of paraffins. 

Gasolines produced by high-temperature 
va])our-phaso cracking frecpiently contain 50% 
olefins and 40% aromatics, with only small 
amounts of naphthenes and paraffins. Table 
XLII shows some group analyses of vapour- 
phase cracked gasolines. 


Table XLIT. —Compositions of Gasolines 


FROM Vapour-Phase Cracking. 

\'() 1 . % : 


Olciiijs . 

42-4 

431 

38-0 

64 5 

75-7 

Aromatics . 

570 

38-0 

40-3 

28-1 

20-8 

Naidithencs 

— 

4-8 

7-2 

3-8 

3-6 

Paraffins 

— 

13-5 

8-5 

3-0 

__ 

Total , . 

100-0 

100-0 

lOO-O 

100-0 

100-0 


Polymer gasoline consists larg(4y of mono¬ 
olefins containing seven and eight carbon atoms 
per molecule. Table XLIII shows the com¬ 
position of a commercial product.^^’^ Heptene.s 
in such a gasoline include heptene-1, hepteno-3, 
and ethylpenteTie-2. The oight-carbon-atom 
olefins include both 2:2:3- and 2:2:4-trimethyl- 
pcuitcnes. 


Table XUlfl. — Composition 
Gasoline. 

of Polymer 

Nuinbor of carbon atoms 

Mol, % of 

per oloiin hydrocarbon 

polymer 

molecub'. 

gasoline. 

5. 

1-7 

(>. 

5-0 

7. 

48-1 

8. 

15-2 

11 and higlier. 

12-3 


The o(4ane numbers of polymer gasolines vary 
from 80 to 82 by the motor method. The value 
does not vary greatly with change in end point, 
and the octane blending value exhibited when 
polymer gasoline is mixed wuth low' octane-rating 
gasoline is also fairly constant. Table XLIV 
shows some commercial data on end point, 
octane numbers, and blending values of com¬ 
mercial polymer gasolines.^*® 


Table XLIV. 


Proi)crty. 

1. 

2. 

3. 

4. 

5. 


"n. 

'■’o. "f. 

'V. “f. 



End b.p. 

277 531 

2(U) 510 

220 430 

212 413 

211 411 

Octane number 

Blending octane num- , 

81 

81 

80 

82 

81 

her. 

118 

J18 

no 

1 120 

llfi 


The composition of cracked gasolines is largely 
dependent upon the nature of the oils cracked. 
Composition of tw'O gasolines produced as pro¬ 
ducts of catalytic cracking using alumina-silica 
type catalysts are shown in Table XLV.*^ 


Table XLV.— Composition of Gasolines 
FROM Catalytic Cracking. 


Hydrocarbon 
components, %. 

Paraffinic 

gas-oil 

charge. 

Naphthenic 

gas-oil 

charge. 

Normal paraffins , 

17 

12 

iaoParaffins 

63 

47 

Naphthenes 

7 

25 

Aromattes .... 

9 

13 

Olefins . • . 

1 

4 

3 


The relatively high percentage of isoparaffin 
hydrocarbons is noteworthy, this being character¬ 
istic of catalytically cracked gasolines and 
accounting for their observed higher octane 
numbers in comparison with analogous thermally 
cracked fractions. The percentage of olefins is 
lower than in similar thermally cracked pro¬ 
ducts. 

The American Petroleum Institute Hydro¬ 
carbon Research Project has given the first 
definite percentages of the normally liquid 
hydrocarbons actually present in gasolines. 
Employing strictly physical separations in¬ 
volving distillation, extraction, absorption, and 
crystallisation, about fiO hydrocarbons have been 
separated from straight-run gasolines and gases 
representing different fields in the United 
StatesA^® These hydrocarbons are listed ii\ 
Table ^LVI; 26 of them are poraf&^is, 16 are 
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Tabi E XLVl. 


Formula. 

Kame. 

B.p.. ^ 0 . 

B.p., ®F. 

CH^ 

Methane 

-161-7 

-258-0 

CaHe 

Ethane 

- 88-6 

-127-0 

C 3 H, 

Propane 

-42-2 

-440 

C4H10 

isoButano 

- 11-8 

- 11-0 

C4H10 

n-Butane 

- 0-6 

31-0 

CjHu 

2-Methylbutano 

27-9 • 

82-4 

CfiHia 

n-Pentane 

36-1 

970 

CjHjo 

cyc/oPentaiio 

49-5 

121-0 

C,H,. 

2 : 2 -Diraethylbutane 

49-74 

121-5 

CcHu 

2:3 -Bimethy Ibiit ane 

68-0 

136-4 

C.Hj. 

2-Methylpentane 

60-3 

140-6 

CeHu 

3-Methy Ipentano 

63-3 

146-0 

CfiHu 

w-Hexane 

68-7 

165-7 

C,H„ 

MethykycZopentano 

71-9 

161-4 

C,H„ 

2 : 2 -Dimethylpentano 

78-9 

174-0 

CeHe 

Benzene 

80-1 

176-2 

C,Hi. 

2:4-Dimothylpentane 

80-61 

176-9 

C,Hi 2 

cycZoHexane 

80-8 

177-5 

C 7 HJ 4 

1 : 1 - Dime thylct/cZopentane 

87-6 

189-6 


2:3-Dimethylpentane 

89-79 

193-6 

^7^16 

2-Methylhexano 

90-0 

194-0 

C 7 H 14 

irans-1:3-l)imethylcych)pcntane 

90-9 

195-6 

C,Hi4 

trans- 1:2-DimethylcycZopentane 

91-9 

197-4 

CtHj, 

3-Methyl hexane 

92-0 

197-6 

CtHj. 

n-Heptane 

98-4 

209-8 

C,Hi4 

MethylcycZohexane 

100-9 

213-6 

C7H8 

Toluene 

110-6 

231-0 

C^Hig 

2-Methylheptane 

117-6 

243-9 

C,H,, 

l:l-Dimethylcyckhexane (a) 

119-8 

247-6 

CgHje 

trans- 1: 3 -Dimethylc 2 /ckhoxano 

120-3 

248-6 

C,H„ 

tram- 1 : 2 -DimethyIcycZohexano (a) 

123-4 

254-1 

^ 8^18 

n-Octane 

126-6 

257-9 

CgHie 

Ethylci/cZohexane 

131-8 

269-2 

CaH^o 

2:6- Dimethy Ihep t ane 

136-2 

276-4 

^ 8^10 

Ethylbenzene 

136-2 

277-2 

^ 9*^18 

Monocyclic {h) 

136-7 

278-1 

^8^10 

^-Xylene 

138-4 

281-1 

^8*^10 

m-Xylene 

139-2 

282-6 

C9H20 

2:3-Dimothylheptane (a) 

140-7 

285-3 


1:2:4-TrimethylcycZohexano 

141-2 

286-2 

C9H20 

4-Methyloctane 

142-4 

288-3 

C9H20 

2-Methyloctane 

143-3 

290-0 

^ 9^20 

3-Methyloctane 

144-2 

291-6 

CbH,o 

o-Xylene 

! 144-4 

292-0 

C9H18 

Monocyclic ( 6 ) 

1 146-0 

293-0 


Bicyclic ( 6 ) 

I 147-0 

296-6 

CsHao 

w-Nonane 

160-7 

303-3 

C9H12 

woPropylbenzene 

162-4 

306-3 

C9H12 

n-Propylbenzene 

169-6 

319-1 

chJ 

1 -Metnyl-3-ethylbenzone 

161-6 

323-0 

C,H„ 

1 -Metliyl-4-ethylbenzene 

162-6 

324-6 

C,H„ 

1 : 3 : 6 -Tiimethylbenzene 

164-6 

328-2 

C,H„ 

1 -Methyl-2-ethylbenzene 

166-1 

329-2 

CioHu 

4-Methylnonane 

166-7 

330-6 

CxoHx, 

2-M6tiiylnonane 

166-8 

332-2 

CxjHj, 

3 -Metl^ylnonane 

167-8 

334-0 

C,Hi, 

1:2;4-Trimethylbenzene 

169-2 

336-6 

CxoHu 

n-Decane 

174-0 

346^2 

C,H„ 

1:2:3-Triinethylbenzene 

176-1 ' 

349-0 


(a) Identity not definitely establiihed. 
(&) Id^PtJty pot ^et determined, 
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cycioparaffins, and the remainder aromatics. I 
All the normal paraffin hydrocarbons up to 
decane are present, 13 monomethylparaffins, 4 
dimethylparaffins, and 11 aromatics. It is 
worthy of note that more liighly branched 
paraffins than the dimethyl compounds are 
absent, and there is a relatively small number of 
hydrocarbons present in comparison with the 
large number known to boil in the range of the 
fractions examined. Thus while there are five 
possible structural isomers among paraffin 
hydrocarbons containing six carbon atoms, only 
four of those compounds were found. Similarly, 
and in a more marked degree, only four heptanes 
were isolated whilst there are nine possible 
structural isomers. The lack of branched 
isomeric compounds is still more striking in the 
case of the eighi-carbon-atom paraffins, of which 
only two were found, whilst eighteen are struc¬ 
turally possible. Among the nine-carbon-atom 
paraffins, five were identified, whilst a total of 
thirty-five structural isomers is possible. 

The octane ratings of hydrocarbons depend 
upon their boiling-points and their molecular 
structures.^®® In general, the lower boiling 
hydrocarbons and those having more compact 
carbon-atom structures show higher octane 
ratings. The rules governing octane rating in 
relation to structure are complex and present 
some anomalies. In the paraffin series the more 
highly branched molecules in a group of isomers 
give the better octane numbers. E.g., in¬ 
creasing anti-knock properties are noted in the 
octane group in the order of w-octane, methyl- 
heptanes, dimethylhexanes, trimethylpentaneg, 
and tetramethylbutane. 

In the mono-olefin group higher octane ratings 
are shown by the more highly branched members, 
but another factor also enters in the position of 
the double bond, so that, e.g., 2:2:3-trimethyl- 
pentene -1 will have a different octane rating 
from 2 : 2 : 3 -trimethylpentene- 2 . 

In the CT/eZoparaffins, the octane number 
depends upon the molecular weight and position 
of substituent groups. If these groups are 
straight-chain aliphatics, the octane numbers 
will be lower than if they are branched-chain 
aliphatic radicals. Also, the point of linkage to 
the aliphatic group influences the anti-knock 
rating. The octane rating of a trimethylcycZo- 
hexane is different from that of wopropylcycZo- 
hexane. 

Among the aromatics, the octane ratings are 
also influenced by the number, type, and 
position of substituent groups. Thus, toluene 
has a higher octane number than benzene, and 
cumene (isopropylbenzene) has a higher octane 
number than benzene or toluene. 

Tables XLVII .to LI show the names, struc¬ 
tures, and octane ratings of a number of paraffin, 
olefin, c^ch;paraffin, and aromatic hydrocar¬ 
bons (c/. Vol. VIII, 639a). Some of these are 
present in gasoline and some are made by syn¬ 
thetic pirocesses. Straight-run gasolines contain 
more normal and less branched-chain paraffin 
hydrocarbons, and branching is not extensive. 
Synthetic hydrocarbons such as the taooctones 
in alkylates are absent in straight-run gasolines j 
and present in minor amounts in corresponding I 
cracked products. ] 


Table XLVII. —Structure and Octane 
Rating of Paraffin Hydrocarbons. 


Compound. 

Structure. 

Octane 

rating 

A.S.T.M., 

C.F.E.* 

method. 

1 

C 4 Hydrocjirhons: 



n -Butane 

c c c c 

90-5 

Butane . . • 

c c c 
c 

97-0 

C 5 Hydrocarbons: 



?i- Pentane . 

c cc cc 

61 0 

woPentatie . 

c cc c 
c 

91 0 

ncoPeritaiie . 

c 

c c c 

c 

930 

Cg Hydrocarbons: 



9 i-Hoxane 

cc c c c c 

250 

2-Methyl pentane 

c c c c c 
c 

730 

3-Methylpent anc 

c c c c c 

c 

75-0 

2 : 3 -l)irnethyl- 

c c c c 

930 

butane 

c c 


2 : 2 -Dimethyl- 

c 

940 

butane 

coco 

c 


C 7 Hydrocarbons: 



71-11 eptano . 

c c c c c c c 

0 

2-Methylhexane 

c c c c c c 
c 

450 

2:3-Dimethyl- 

c cc c c 

890 

pentane 

c c 


2:2-Dimethyl- 

c 

930 

pentano 

ccc cc 
c 


2:4-Dimethyl- 

c c c c c 

82-0 

pentane 

c c 


3 : 3 -Dimeth 3 d- 

c 

84*0 

pontane 

cc c cc 
c 


2:2:3-TrimethyI- 

c 

100 -h 

butane (trip- 

c cc c 


tane) 

c c 



• A.S.T.M.»“ American Society for Testing Materials; 
0.P.R.«“ Co-operative Fuels Research. 
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Table XLVIII.— Structure and Octane 
Rating of Olefin Hydrocarbons. 


Compound. 

Structure. 

Octane 

rating 

A.S.T.M., 

C.P.ll. 

method. 

Ethene 

C:C 


81 

Propone . 

C:C C 

85 

Butene-1 

Butene-2 

OO 

66 

66 

66 

80 

83 

Pen tone-1 
Pentene-2 

C:C C c c 

C C:C C C 

82 

80 

Hexene-1. 
Hexene-2. 

C;C C C C C 

C C:C c c c 

62 

78 

Octeno-l . 
Octene-2 . 

C:C c c c c c c 
C C:C C C C C C 

35 

55 

Table XLIX.— Structure and 
Rating of woOctenes. 

Octane 

Compound. 

1 

structure. 

Octane 

rating 

A.S.T.M.. 

C.F.R. 

method. 

2:4:4-Trimotliyl- 

pentene-1 


c c 

C:C C C C 

C 

86 

2:3:3-Trimethyl- 

2 ientene -2 


C C 

C C:C C C 

C 

89 

3:4:4-Trimothyl- 

pentene-2 


C C 

C C:C C C 

1 

86 

Table L.— Structure and Octane 
Rating of C2/cZoParaffins. 




Octane 

rating 

A.S.T.M., 

C.F.R. 

method. 

Compound. 


structure. 

cycioPentane. 


CHj 

CHi 

85 



1 1 

CHj—CHg 


MethylcycZopentapo 

CHCH, 

CH- CH. 

80 



1 1 

CHa - CHg 


Ethylcyc?opontane . 

CHCgHj 

( 1 

66 


1 

CHa — CHg 



Table L.— continued. 


Comj)oiind. 

Structure. 

Octane 

rating 

A.S.T.M., 

C.F.R. 

method. 

cyc/o Hexane . 

CH^ 

CHj 

77 


1 I 

CHg CH, 

CH^ 


Methycyc^ohexano . 

CHCH, 

CHj CHj 

71 


cIhj 





Ethylcyc/ohexane 

CHCjHs 

41 


1 1 

CHg CHg 

\ / 

CHj 



Table LI.— Structure and Octane 
Rating of Aromatics. 
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Tetraethyl-Lead, 

This compound is at present added to most 
gasolines in the United States to increase their 
octane ratings, the amounts used varying from 
0*5 to 3*0 ml. per gallon in commercial gaso¬ 
lines to as high as 4-0 ml. per gallon in aviation 
fuels. The susceptibility of gasolines to im¬ 
provement in octane number by tetraethyl-lcad 
additions varies greatly. Larger increases in 
octane number occur in the lower ranges, and 
less as the octane number increases. The sus¬ 
ceptibility also differs iri different types of 
hydrocarbons, so that predictions of the exact 
effects of load additions are difficult. The lead 
susceptibility of several gasolines, naphthas, and 


synthetic hydrocarbons with different amounts 
of tetraethyl-lead are given in Table LII.^®^ jt 
should be observed that the efi’ect of a 1 ml. 
increase in lead decreases as the octane number 
rises. In the c^ase of the East Texas natural 
gasoline, the first ml. addition raised the octane 
number from 70 to 78, while increases of 1 ml. 
beyond 4 gave increases of only one octane 
number. .Similar effects are evident in the other 
fuels. Iron pentacarbonyl is a good anti-knock 
agent, but it lacks requisite stability and its 
attempted use in continental Europe has not 
been successful. Aniline and some alkylamines 
act as anti-detonants in gasoline, but rather 
large quantities are required. 


Table LII.—Lead Susceptibilities. 
(A.tS.T.M., C.F.R. Motor Method Octane Number.) 




Tetraethyl-lead, ml. per Kah 




0 0. 

1 (». 

20. 

3 0. 

40. 

.^•0. 

60. 

Natural gasoline—Mid-Continent . 

65 

74 

78 

80 

82 



Natural gasoline—East Texas . 
Straight-run naphtha — Mid-Con- 

70 

78 

83 

88 

91 

92 

93 

tinent. 

65 

73 

— 

79 

81 



Straight-run naphtha—(California . 

70 

79 

83 

85 




(Conversion naphtha—Houdry . 

77-78 

— 

— 

91-93 




(^Jonversion naphtha—Reversion 

77-82 

84-87 

88-89 

90-92 




(Conversion naphtha—T.C.C. 
Conversion naphtha—Hydro-form- ' 

77-80 

— 

— 

92-95 

94-97 



ing. 

High-octane hydrocarbons: 

75-80 

84 

86 

87 




Alkylates. 

Hydrogenated polymers (selec¬ 

92 

-fOl* 

-1-0-.3* 

-1-0-4* 

■f-0*5* 

1 


tive) . 

92-94 

10.3-10G 

107-109 

110-112 

113-115 



isoOctane. 

100 

109 

112 

114 

118 



7i.eoHcxane. 

94 

107 

112 

114 

117 



wo Pentane. 

90 

99t 

103t 

105t 





* Matches isooctane plus * c.c. T.K.L. per Kill, 
t Estimated from blend data. 


Inhibitors. 

Nearly all marketed gasolines which contain 
high percentages of cracked products are stabi¬ 
lised by the addition of small amounts of anti¬ 
oxidants or “ inhibitors,” which retard the 
formation of olefin peroxides and thus the series 
of chain ixjactions otherwise instigated by such 
jKjroxides which lead to the formation of gums 
on storage. 

Types of compounds found most effective in 
inhibiting the deterioration of cracked gasolines 
are phenols, aminophenols, amines, and the alkyl 
or aryl derivatives of these three groups. Much 
experimenting has boon conducted to find com¬ 
pounds useful for inhibiting the deterioration of 
cracked products. Certain hardw'ood tar frac¬ 
tions containing substantial percentages of alkyl- 
phenols have been found to be useful. Butyl- 
aminophenols, benzylaminophonol, and pheny- 
lenediamiijies are examples of chemical com¬ 
pounds which have inhibiting action. The 
amounts of inhibitors necessary properly to 
stabilise cracked gasolines against deterioration 


in storage are extremely small. In the case of 
the more active antioxidants it is seldom neces¬ 
sary to add more than 0*006% by weight of the 
gasoline, and often concentrations as low as 
0*001% are adequate. These concentrations 
correspond to about 1 mol. of inhibitor to 40,000 
mol. of gasoline. The use of inhibitors has 
greatly advanced the cause of conservation of 
petroleum resources, since it has obviated the 
necessity of extensive chemical treatment of 
cracked gasolines, and conserved valuable anti¬ 
knock materials. About 75% of marketed gaso¬ 
lines contain inhibitors. 

The production and consumption of motor 
gasoline in the United states has increased 
enormously sint^ the beginning of the century. 
Table LllI gives figures on the production of 
straight-run and cracked gasoline, and the 
total gasoline production from 1899 to 
1944.^®^’ The data show that cracked 

gasoline began to be a factor in the total output 
in 1914 and that it exceeded the production of 
straight-run gasoline in 1940. 
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Table LIII.—Motok Fuel Production 
IN THE United States. 


(Thousands of Barrels.) 


Year. 

Straight-run 

gasoline. 

(Yacked 

gasoline. 

Total.* 

1899 

6,685 

0 

6,685 

1909 

12,865 

0 

12,865 

1914 

32,735 

2,028 

35,779 

1920 

96,951 

16,140 

124,244 

1927 

175,000 

100,000 

1 316,500 

1940 

263,584 

294,365 

616,359 

1944 

269,482 

386,029 

1 

1 744,075 


♦ Includes all other sources, natural gasoline, benzol, 
etc. 


The figures on world consumption of motor fuel 
for 1939 are given in Table These are 

the latest figures available in January, 1946. 

Table LIV.— World Consumption 
OF Motor Fuel.& 

(Thousands of Barrels.) 

North America.^* 

Total. 586,231 

United States. 555,509 

South America. 

Total.15,090 

Europe. 

Total. 152,497 

Africa. 

Total.9,409 

Asia. 

Total.19,444 

Oceania. 

Total.15,044 


World total. 798,715 


(a) Military consumption not included, except in 
United States. 

(^) Includes related fuels : natural gasoline, benzol, 
power alcohol, and synthetic mineral oils from coal and 
shale. 

(c) Includes Central America. 

The motor vehicle registrations for 1939 are 
shown in Tajble The.so are the most 

recent figures available in January, 1946. 

Table LV.— World Motor-Vehicle 
Registrations, by GEOGRAraio Zones. 


(As at December 31, 1939.) 

Zone. 


America, total 

. 32,924,187 

United States . 

. 30,615,087 

Other America . 

. 2,309,100 

Europe 

. 9,463,293 

Africa. 

692,974 

Asia . ^. 

696,738 

Oceania. 

. 1,200,808 

World total.... 

. 44,977,000 

Except United States . 

. 14,361,913 


Gasoline for Airplanes. 

Aviation developments had little effect on 
gasoline until the airplane became a factor as a 
war machine. In the First World War ordinary 
gasoline was used in airplane engines, and there 
was some use of casing head products. The 
average commercial gasoline in that period is 
estimated to have been about 50 octane number. 
Until 1918 no aviation fuel was produced as 
such. In 1929 the octane numbers of aviation 
fuels ranged from 65 to 70.^^*^ In 1930 the United 
States Army Air Forces specified that aviation 
gasoline should have 87 octane number ; and 
in 1935 the first army specification for 100 octane 
aviation fuel appeared.In 1937 fuel for the 
engines of United States pursuit aircraft was 
standardised at 100 octane rating.From this 
time on, development of aviation fuels has been 
rapid, and the Second World War has seen the 
production of enormously increased quantities of 
100 plus octane fuels and those having ratings 
far in excess of this value. Prior to December, 
1941, the total production of 100 octane aviation 
gasoline in the United States was somewhat less 
than 50,000 barrels per day.^®® By the middle 
of 1944 production had increased to over 500,000 
barrels per day,^^® and super-fuels of well over 
100 octane rating in performance character¬ 
istics were used in the war effort. 

The advantages gained in utilising fuels of 100 
plus octane rating are strikingly evident from 
the data given in Table LVI, which relate to the 
performances of airplanes similar to the Douglas 
DC-3 when usmg fuels of 87, 100, and 100 plus 
octane ratings.^®® 


Table LVI. 


Octane 

nuniber. 

Cruis¬ 

ing 

speed, 

m.p.h. 

1 

Speed 

of 

climb, 
50% 
take-ofi 
power, 
ft. per 
min. 

(Ynling, 

ft. 

I'ake-ofF 

dis¬ 

tance, 

ft. 

ray¬ 

load, 

lb. 

87 

100 

100 plus 

176 

191 

205 

1,000 

1,425 

1,825 

22,500 

28.500 

33.500 

2,400 
2,500 1 
1,750 

5,1.50 

7,400 

9,180 


As the octane number increases from 87 to 100 
cruising speed increases 16 m.p.h., and as octane 
exceeds 100 another 14 m.p.h. is gained. The 
speed of climb in feet per minute increases over 
80% from 87 to 100 plus octane fuel, the ceiling 
rises from 22,600 to 33,600 feet, and the required 
take-off distance is reduced from 2,400 to 1,760 
ft. The payload increases by about 2 tons. 

Since airplane engines must function at desert 
temperatures over 66°o. (150°r.) and stratosphere 
cold as low as —66®o. (—70°F.), their fuels must 
have closely specified properties. The distil¬ 
lation range of the gasoline must Insure ready 
volatility and the vapour pressure must be low 
enough so that vapour lock is not encountered. 
Most specifications call for boiling ranges of 
about SS-iea^o. (10()-326°ir,) and 7 lb. Reid 
vapour pressure* The freering-point is specified 
as —60®c. (—76 ®f.). Special engine-test methods 
are employed in testing aviation fuels which 
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employ higher engine speeds, higher jacket 
temperatures, and greater spark advance than 
the test for motor gasoline. However, the 
British Air Ministry Test Method is substantiaUy 
the same as the A.S.T.M. motor method. 

Aviation fuel is substantially devoid of olefin 
hydrocarbons and consists of mixtures of 
paraffin, aromatic and cyc/oparaffin hydro¬ 
carbons obtained from various processes. These 
fuels are for the most part blends of gasoline 
from catalytic cracking, the so-called “ con¬ 
version ” naphthas from aromatisation pro¬ 
cesses, isoparaffins made by alkylating i^obutanc 
with olefins and known as alkylates, alkyl 



Fig. 37. 


aromatics, and special synthetics such as hydro¬ 
genated dimers of butylenes. A few straight-run 
gasolines from naphthenic crudes have suffi¬ 
ciently high octane numbt?rs for use in aviation 
fuel mixtures, but their percentage of production 
of 1944 was Mow five. t^oPentane is added to 
practically all blends because of its high octane 
rating and its volatility to give the fuel a Reid 
vawur pressure of 7 lb. 

The highest octane rating constituents of 
aviation fuel blends are the so-called alkylates 
made from ^obutane and olefins, and alkyl 
aromatics. The alkylates include isooctanes 
made by alkylating wobutane with n* and iso¬ 
butylenes, ncohexane, and 2:S-dimethylbutane 
made by the interaction of isobutane and 


ethylene. The alkyl aromatics include iso¬ 
propylbenzene (cumene), and tert.-butylbenzene 
made by alkylating benzene with propylene and 
isobutylene respectively. Alkylates have octane 
numbers varying from about 90 to 95, and high 
susceptibility to improvement by the addition 
of tetraethyl-lead. Cumene has a performance 
rating considerably greater than isooctanc. 
Among the synthetics, the hydrocarbons of 
highest anti-knock property is triptane (2;2;3- 
trimethylbutane), which can be. made by 
catalytic processes. This hydrocarbon has a 
pciformance rating much greater than 100 
octane number isooctane, and when treated with 
tetraethyl-lead and used in engines specially 
designed to utilise it fully, develops from 3 to 4 

Too High To <4 

Mea sure With I 



times as much power.^®^ The graphs in Figs. 37 
and 38 show interesting and important com¬ 
parisons between standard ii^ooctane and trip- 
tano. Fig. 37 shows data on the performance of 
a number of fuels in a single-cylinder super¬ 
charged test engine. The graph shows a straight 
line relationsliip between supercharge pressure 
and mean effective pressure, the latter being 
proportional to the power output of the engine. 
The graph indicates that isooctane develops a 
mean effective pressure of 120 psi. at super¬ 
charge pressure of 36 in. of mercury, while 
triptane develops 180 psi. at 60 in. of mercury, 
an increase of 60%. t^oOctane with 3 ml. of 
tetraethyl-iead per gallon develops about 190 psi. 
pressure at 63 in, of mercury supercharge pres¬ 
sure, while triptane with the same addition of 
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tetmethyl-lead develops 320 psi., an increase of 
nearly 70%. These tests were run at 6-5 com¬ 
pression ratio for all fuels. 

The knocking characteristics of heptanes and 
of isooctanc are shown in Fig. 38 in terms of their 
critical compression ratios, using a standard set 
of operating conditions in other respects. This 
graph shows that the critical compression ratio 
of triptano is 14*5:], while that of nwoctane is 
7-3:1. By the addition of 3 ml. of tetraethyl¬ 
lead per gallon, the critical compression ratio is 
raised to 11*3 for isooctane and above 10 for 
triptane. 

A twelve-cylinder Allison airplane engine has 
been operated on a 00% blend of triptane in 100 
octane gasoline to give an output of well over 
2,500 h.p., although the rated tako-olf h.p. with 
the 100 octane gasoline is only about 1,500. 
Triptane containing tetraethyl-lead has shown 
four times the power and 25% gain in fuel 
economy over isoocUine or 100 octane gasoline. 
The precise gains depend upon the particular 
engine employed and the conditions under which 
it is operated. 

Benzene and toluene produced by catalytic 
dehydrogenation of eyefoparaffins are both em¬ 
ployed in aviation fuel blends on account of their 
inherently high anti-knock ratings. 

In addition to hydrocarbons, certain other 
compounds have been tried as components of 
aviation fuel. Among these are dii?Joproj)yl 
ether, acetone, and methyl ethyl ketone. All of 
these compounds have high octane numbers and 
good lead susceptibility, but they give lower 
power outputs and are unsuitable on account 
of their solubility in water. 

Table LVII shows some typical compositions 
of 100 octane aviation gasolines.^ 


Table LVII.— Typical Compositions of 
100 Octane Grade Aviation Gasoline. 



1. 

2. 

3. 

4. 

5, 

6. 

Straight - nm 
naphtha, 65 

75 octane No., 

30- 50 

30 50 


30-40 

30-50 

30-50 

Conversion naph¬ 
tha, 76-82 oc¬ 
tane No,, % . 



40-60 

30 40 



woPentane, 91 
octane No., % 

10-15 

10 15 

10-15 

10-15 

10-16 

10-15 

neolioxane, 94 
octane No., % 


20-30 





ifioOctanos, (a) 
90-100 octane 
No., % . . 

40-60 

20 30 

30-40 

30-40 

30 50 

20-30 

Substituted i)cn- 
zenes (d), 90- 
100 octane No., 
% ... 

1 _ 





5-20 

Benzene, 100 |- 
octane No., % 


__ 



10-15 


Tetraethyl - lead, 
c.c. per gal., 
max. . 

30 

30 

30 

30 

30 

3 0 

Gum inhibitor, 
lb. per 5,000 
gal., max. 

10 

1*0 

3 0 

1-0 

10 

10 


(а) Alkylates, alkylate gasolines, hydrogenated 
[>lyn)er». 

(б) Cumene, i^obutylbenzone, etc. 


An important development in increasing the 
efficiency of airplane engines involves the in¬ 


jection of small quantities of water or alcohol- 
water mixtures. Kernarkable bursts of power 
have been shown both in take-off and during 
flight when those mixtures have been injected, 
particularly in supercharged engines. The 
(dfects of alcohol-uater injection arc probably 
due to a combination of high latent heat of 
vaporisation and some function of specific heat. 
The cooling of pistons, valves, spark plugs, and 
the cylinder head itself suppresses detonation and 
pre-igiiitioii and jicrmits higher power outputs. 
Carl>on deposits are much softer and more easily 
removed. 

Apparently a number of different alcohols can 
be used, tests having been made with methyl, 
ethyl, and isopropyl. Such alcohols supply 
B.Th.U.’s. Fifty-fifty al(‘ohol-wator mixtures 
appear to be most economical. 

The control of pressure rise and detonation 
I shock by alcohol-water injection may enable the 
manufacture of lighter high-compression engines. 
This may bo useful in the design of light airplane 
engines. In the case of the engines on ground 
vehicles employing supercharging, alcohol- w ater 
injection will enable the engine to consume more 
air at the same engine speed. 

The use of jet propulsion and gas turbines for 
airplane engines is focusing attention on the type 
of fuel best suited for these purposes. At the 
present time (1945), the fuel used in jet planes is 
kerosene, which must have a low fret‘zing-point 
for suitable operation under stratosphere con¬ 
ditions with temperatures below —60\:. (—(i0°F.). 
While consumption in jet-propelled planes is 
higher than in gasolino-i>owerod reciprocating 
engines, increased speeds more than compensate 
for increased fuel consumption in fighter planes. 
Off-setting the disadvantage of high fuel con¬ 
sumption, jet-propelled planes have a number of 
advantages. They have speeds much greater 
than that of any plane driven by a recijirocating 
engine and propeller. Speeds of 700-800 m.p.h. 
have been attained. They have a high degree 
of manoeuvrability at high speeds. Vibration 
is negligible, eliminating ono cause of pilot 
fatigue. They are ready for take off' 30 seconds 
after starting the engine, and function best and 
use less fuel at high altitudes. The planes have 
fewer controls and instruments, and the engine 
is lighter per h.p. than the reciprocating engine. 
The jet engine is simple and easily maintained. 

FI and V2 War Weapons. 

The German flying bomb known as the VI 
was driven by a jot reaction engine of simplest 
design, the only moving parts of which were flap 
valves in a forward grid. Gasoline was injeett^ 
from ^-in. openings into a compressed air 
chamber in which combustion was started by a 
spark which was cut oft’ when the engine was 
warmed sufficiently so that tho fuel-air mixture 
would pre-ignite. When the pressure in the com¬ 
bustion chamber dropped below a certain point, 
the flap valves were forced open by tho forward 
air pressure due to the bomb’s velocity, and a 
new charge of air was admitted. The frequency 
of the explosions was about 45 per second or 
2,700 per minute. The gasoline tank held 180 
gallons, and since the consumption was about 
1 gallon per mile in a time of 10 seconds, the 
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maximum travel was 180 miles in a time of 30 
minut(is. The indicated fuel consumption pc'sr 
mile was about equal to that of a fully loaded 
bomber the engines of which developed 0,000 h.p. 
The bomb speeds were betwe<‘ii 350 and 400 
m.p.h. and they Hew at an average elevation of 
2,300 ft. 

The V2 weapon was essentially a rocket in 
that it contained both fuel and oxygen necessary 
for its flight and was not dependent upon outside 
air. The projectile was launched vertically from 
a hard surface, such as a concrete platform. 
Two spherical containers held 7,500 lb. of 
alcohol and 11,000 lb. of liquid oxygen, respt^c- 
tively, which were injected into a combustion 
chamber where they were ignited electrically. 
Concentrated hydrogen peroxide and calcium 
permanganate solutions were added to the com¬ 
bustion mixture to control the rate. The initial 
thrust amounted to about 20 tons. After about 
00 seconds of vertical flight the angle was shifted 
to 45° to achieve a maximum trajectory by such 
mr^ans as a time mechanism, or barometric or 
radio control. As find was consumed, the rock<‘t 
became lighter and speeded up, owing to the 
constant thrust and decreased air density. The 
range was about 200 miles, with a maximum 
elevation of over 00 miles and a maximum speed 
of 4,500 m.p.h. Since the speed when re-enter¬ 
ing the lower air strata was over 1,000 m.p.h., it 
was ultrasonic, and the bomb could not be heard 
before it had struck. One j)rojectilo used up 
8,000 lb. of fuel in its flight, the time Ixdween 
launching and impact being about 5 minutes. 
This amount was equivalent to the 100-octanc 
aviation fuel which would fuel a four-engine 
bomlier loaded with 2-5 tons of bombs on a 
5-hour mission. 

Diesel Fuel. 

Diesel fuels are those used in engines in which 
the fuel is directly injected into the cylinder and j 
atomised prior to ignition and combustion. 
Four types of engines fall into this category: in 
the first, air is highly compressed and fuel in¬ 
jected near the end of the compression stroke; 


compression ratios vary from 13:1 to 20:1. In a 
second type a hot surfixco is used to assist 
evaporation and ignition of the fuel; com¬ 
pression ratios are from 7:1 to 10:1. A third 
type depends upon the injection of i)rehcatcd 
fuel-air mixtures which are compressed and 
ignited by a spark ; compression ratios in this 
type are 4:1. A fourth type compresses air at 
a low ratio of from 5:1 to 7:1, the fuel being 
injeded near the end of the compression stroke 
and ignited by an electrical spark.^®® 

31ie diesel engine was originally designed to 
burn coal dust, but it did not prove successful 
oiKTating on this type of fuel. The engines now 
in use burn oils of widely varying characteristics 
of the nature of kerosene to lieavy residual tars 
from both crude petroleum and coal. In the 
engines which use no spark ignition the auto¬ 
ignition properties of the fuel are of paramount 
importance. As a rule the more parafiinic 
lyulrocarbon fuels ignite more readily and are 
therefore more suitable for these engines, al¬ 
though ignition properties an^ not related to the 
combustion })ro})erties of the fuel. High-speed 
diesel engines are used in buses, trucks, many 
ships, and locomotives. These oj>erate most 
smoothly on parafiinic gas-oil distillate boiling 
from about 20b° to 350°c. (39ii° to 6G2°F.). How¬ 
ever, blends of such oils with cracked products 
of the same boiling range, such as pressure distil¬ 
late bottoms or recycle stocks, can bo used satis¬ 
factorily. The flash j)oint is usually specified at 
(150°r.) minimum to avoid danger in 
handling. Suspended particles of water, sand, 
dust, iron, iron oxides, or libres, should bo 
absent to avoid abrasion and possible plugging 
of small injecitiori nozzles. 

In the larger and heavier low-speed diesel 
engines employed in stationary power plants, 
much heavier and more viscous fuels can be 
used, such as residual fuels, oils, tars, and 
asphalts, since these engines operate at higher 
temperatures and higher compression ratios, and 
under heavier and more uniform loading. 

Committee l)-2 of the A.8.T.M. has classified 
diesel fuels according to viscosities as shown in 
Table LVIIl. 


Table LVIIl. —Diesel Fuels.* 


Design¬ 
ation. ! 

For 

engine 

speed, 

r.p.m. 

Flash 

(closed 

cup). 

Cetane j 
number. 

Viscosity, 
Saybolt 
sec. at 1 
38°c. 

(100“F.). j 

B.S. 

and 

W. 

Max. 
sulphur, 
wt. %. 

Carbon 
residue, 
wt. %. 

Max. 
ash, 
wt. %. 

Distillation, 

90%. End pt. 



i 









1-D 

over 

38 

100 

40 

— 

005 

0-5 

005-10 

001 

550^F. 


1,200 










2-T) 

1,200 

60 

140 

45 

32-6-45-5 

005 

10 

0-25~10 

O-Ol 

650°F. 700'f. 

3-D 

600- 

60 

140 

35 

65 

010 

1-5 

0-25 

002 

— 


1,200 










4-D 

under 

60 

140 

30 

140 

i 0-50 

2 0 

20 

010 

— 


500 











* Co-operative Fuel Eesearch, A.S.T.M. Classlflcation ; Committee D--2 ; 1944. 


Diesel fuels are rated by their spontaneous suited for use in light high-speed engines. Direct 
ignition temperatui;©, determined by dropping determinations of ignition properties are also 
the fue^ into a heated crucible and noting the made in engines of standard design by measuring 
temperature at which ignition occurs. The fuel either the critical compression ratio at which 
with the lowest ignition temperature is best ignition occurs or the ignition lag. The fuels are ' 
VoL, IX.~-25 
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compared with niixtiiroa of 1-iriethyliiaphthaleiie 
and either cotene or cetane, cctene being used in 
Great Britain and cetane in the United 8tates. 
The percentage of cither the olefin or the paraffin 
hydrocarbon present in the blend which shows 
the same ignition properties as the unknown fuel 
gives the cetene or cetane number respectively 
(v. Vol. VllI, 640r). Por most diesel engines 
fuels of 35 cetane number and higher are satis¬ 
factory. 

The cetane numbers of distillate diesel fuels 
from crude oils vary between rather wide ranges, 
depending largely upon the predominance of 
paraffin or cyclic hydrocarbons respectively. 
The cc^tane numbers for several straight-run 
diesel fuels from American fields arc shown in 
Table LIX.16’ 


Table LIX. Ceta.ne Numbers fur Strmght- 
Run l)jnsEL Fi els from l^.S. Cbooe 
S oTRCEs, Arranged GEOORArmcALLY. 



Typ 

P. 

cs of cr 

N. 

iidc.* 

A. 

Cctam* 

No. 

1. Pennsylvania . 

85 

9 

6 

65 

2. Pennsylvania 

85 

9 

6 

62 

3. Kentucky , 

73 

12 

15 

52 

4. Miciiigiin 

83 

«) 

8 

68 

5. Michigan 

60 

1.5 

19 

56 

6. Indiana .... 

74 

12 

14 

52 

7. Illinois .... 

74 

12 

14 

52 

8. Mid-Continent . 

75 

12 

13 

55 

9. Kansas . .p 

69 

14 

17 

59 

10. Oklahoma . 

75 

12 

13 

56 

n. Louisiana 

'89 

7 

4 

63 

12. Gull’Coast . 

75 

12 

13 

58 

13. South Texas 

47 

21 

32 

33 

14. Soutli Texas 

45 

22 

.33 

32 

1 5. East Texas . 

75 

12 

13 

55 

10. East Texas . 

70 

14 

16 

57 

17. West Texas . 

83 

9 

8 

64 

18. West I’exas . 

69 

14 

17 

48 

19. West Texas . 

67 

15 

18 

4.5 

20. Now Mexico. 

58 

17 

25 

48 

21. Kocky Mountain 

73 

12 

15 

51 

22. Wyoming 

80 

10 

10 

08 

23. Wyoming 

73 

12 

15 

59 

24, California 

69 

14 

17 

47 

25. California , 

64 

16 

20 

45 

26. California 

56 

18 

20 

41 


♦ The type of cnide is defined by stating the approxi¬ 
mate amounts of the differont types of hydrocarbons 
in the straight-run diesel fuel. 

P = Paraffins, in %. 

N = Xaphthcnes, in %, 

A Aromatics, in %. 

A number of formulas for calculating indices 
of ignition quality have been proposed. These 
principally used relationships between specific 
gravity, average boiling-point, aniline point, and 
viscosity. 

To increase the ignition properties of diesel 
fuels, use is made of special additives in amounts 
of 1-^%.^®’ These compounds frequently 
render a fuel suitable for diesel use, which is 
otherwise below ignition specifications. A 
number of compounds have been tried as diesel 
fuel additives. These are listed below ; 

(i) Aliphatic Uyd/rocarhona ,—Examples of this 
class of ignition accelerators are acetylene, ally- 
lene, divinylacetylene, and butadiene. 

These compounds are relatively ineffective as 
ignition promoters when compared with the 


nitrates and peroxides, and consequently must, 
be added in reasonably large concentrations. 

(ii) Aldehydes, Ketones, Ethers, Esters, etc .— 
These compounds may be exemplified by fur- 
furaldeliyde, acetone, diethyl ether, ethyl 
a(;etate, iiitroglyeciin, and methyl alcohol. 

Tlu'y have an order of olfoetiveneKH sliglilly 
greater than that of the alijihatic liydroearboiis ; 
however, diethyl ether is excellent for starting, 
whereas the other compounds are not. 

*(iii) Metal Derivatives. —Some examples of this 
group are barium nitrate, copper oleate, jiiaii- 
gancse dioxide, potassium chlorate, and vana¬ 
dium pentoxide. 

In general, the efiectiveness of these com¬ 
pounds is just slightly less than that of ih<‘ 
aliphatic hydrocarbons and the peroxides. 

(iv) Alkyl Nitrates and Nitrites and Nitro- 
conqiGunds. —Typical of this group are ethyl 
nitrate and ethyl nitrite. 

This class of compounds is highly cfi’ective in 
promoting ignition in the diesel engine, being 
exceeded only by certain of the peroxides. 

(v) Aromatic Nitro-compounds. —Tlu'se may 
bo exemplified by nitrobenzene or nitronaplitlia- 
lenc. Their action is essentially the samts but 
they are less efieetive than the ethyl nitrates 
because of the stability of the aromatic ring. 

(vi) Nitration. —Nitration of the fuel produces 
many compounds to \vlii(‘h the nitrate group is 
attached. In general, they are less c'fFectivo than 
the alkyl nitrates because of the lower ratios of 
the weights of the nitrate group to those of the 
hydrocarbon portion of the compound. 

(viii) Oximes and Nitroso-com'pounds. —Ex¬ 
amples of this group are formaldoxime and nitro- 
somothylmcthano. In general, these compounds 
have an effectiveness approximately halfway 
between that of the aliphatic hydrocarbons and 
alkyl nitrates. 

(viii) Oxidation and Oxidation Products .— 
Oxygen and ozone are two typical examples of 
the class of materials included in this section. 
Their effectiveness is relatively low and their 
action is explained by the fact that the rate of 
oxidation is increased by the greater concentra¬ 
tion of oxygen. 

(ix) Peroxides. —Acetone peroxide is the most 
prominent example of the jKjroxide class. It is 
slightly more effective than the alkyl nitrates, 
and therefore heads the list so far as effectiveness 
is concerned. 

(x) Poly sulphides. —A representative of the 
polysulphide group is diethyl tetrasulphide. In 
general, the polysulphides have an effectiveness 
on the order of the oximes. 

(ix) Unclassified. —This section includes various 
materials upon which information is insufficient 
to justify a separate section. Some of these are 
the halogens, sulphur and certain sulphur com¬ 
pounds, and the amines. The sulphur and sul¬ 
phur compounds have an action similar to that 
of the polysulphides, and all compounds with 
the exception of the thioiiitrates and thio- 
nitrites have an order of effectiveness similar to 
that of the polysulphides. The thionitrates and 
thionitrites, along with certain of the chloro- 
nitro compounds, e.g., trichloronitromethane, 
are so effective that they rank with acetone 
peroxide. 
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The compoundH princijially employed as 
ignition aecelcralora aie acetone peroxide, ethyl 
nitrate,'and woamyl nitrate. The eflect of add¬ 
ing dilTcient alkyl nitrates to a diesel fiud is 
shoAvn in Table 

TaJILE lx.—( bCTA>JE iMraOVEMEMT FOR 

Various Aleve Nitrates. 

When 1*5% is added to a base fuel of 44 e(4-ane 
numlKT. 


Alkyl nitrate. 

1 (Vtano 
nujiiltcr, 
l»a8e tnt4 
])lWK l-5‘’o 
alkyl nitrate. 

Increase in 
cetane 
niinibt'r. 

Mixed amyl nitrates . 

63 

19 

w-Amjd nitrate 

67 

23 

Butyl nitrate 

63 

19 

'/soPropyl nitrate . 

61 

17 

Octyl nitrate . 

t)3 

19 

cyc/oHcxyl nitrate 

()G * 

22 

6er.-Hexyl nitrate . 

62 

18 

t9ec.-Amyl nitrate' . 

64 

20 

i^oAmyl nitrate 

65 

21 

w-lfoxyl nitrate 

64 

20 


The diesel engine was proposed as a means of 
reducing fuel costs, since diesel fuels are less 
expensive than gasoline. 11 owever, only limited 
amounts of oils are suitable for use in light 
diesels, and these are oils which are in di'inand 
for charges to both thermal and catal 3 'tic crack¬ 
ing, and for domestic heating. Jncreasi^d 
demands for these oils will cause a price inercMsc 
so that some advantage will be lost. The diesel 
engine is of lu^avier construction than the gaso¬ 
line engine and this initial cost must be con¬ 
sidered in estimating anj" overall advantage. 

The h.p. of diesel installations in the United 
States as at January 1, 1930, is given in 
Table LXI.16S 


Table LXT. —U.S. Diesel Horse-Power 
Installed, by Uses. 


Industry. 

Horse¬ 

power. 

Tractors (agricultural and industrial) 

2,135,000 

General industry. 

1,893,575 

Marino. 

1,813,600 

Petroleum industry. 

787,155 

Mobile (except railroads) 

771,100 

Municipal light plants .... 

550,0(K) 

Public utilities. 

500,000 

U.S. Navy and Coast Guanl 

488,100 

Railroads. 

393,800 

Minos and quarries. 

301,500 

Cotton gins. 

226,8(X) 

Ice plants. 

219,800 

Irrigation and drainagt^ .... 

202,000 

Water works. 

198,100 

Government institutions 

141,725 

Building industry. 

43,430 

Total U.S. installations . . . i 

10,665,686 

Cumulated exports .... 

610,800 

Total U.S. diesels in use 

11,276,486 


Keros(‘iu* is also used for power purposes as an 
internal combustion engine fuel, and the proper¬ 
ties required for this use are essentially different 
from tliose required in kerosene used as an 
illuminant.^'^^ The principal types of kerosene 
engines are the hot bulb and the spark ignition 
<‘Tigines. In the fornuT type of engine, kerosene 
should he omj)loyed with about 30% distilling 
below 20()'’c. (392 ^'f.), and a final boiling-point 
of 300^^^!^ (572 "f.). As to anti-knock value, there 
should be a balance between a highl}^ paraffinic 
kerosene wdiich may cause too eaily ignition and 
a highly aromatic kerosene which causes a 
delayed ignition. 

1ji the spark ignition engine tlie kerosene used 
should have at least 50% distilling below' 200A:. 
(392 °e.) and should be highly aromatic or 
aromatised by addition of aromatic concentrate 
to insure a relatively high anti-knock value. 

Tractor Fuel. 

A fuel largel^^ used for farm tractors in the 
Ibiited States is a distillate corresponding to the 
higher boiling-point range of gasolines and the 
lower boiling range of kerosenes. While many 
tractors arc equipped wuth diesel engines, a high 
proportion are of the spark ignition type and use 
those lighter distillatc^s. The principal reason 
for using this type of fuel instead of gasoline is 
one of cost, sincii the tractor fuels are not taxed 
in the United States, and this factor is mainly 
responsible for the low cost 2 )cr acre of plough- 

ijjg 170 

Gasoline Substitutes. 

An oil shortage, brought about by the Second 
World War, caused a gasoline stringency in 
many parts of the w'orld, particularly in Europe*. 
This called forth many proposals fur the manu¬ 
facture of gasoline from other combustible 
materials such as coal, oil shale, lignite, and 
peat; for the substitution of alcohol and the 
use of natural gas, methane from sewage, acety¬ 
lene, hydrogen, ammonia, and producer gas. 
So far, all of the proposed substitutes have 
betm general^ more costly and less efficient in 
internal combustion engines, but their use has 
increased in some sections of the world due to 
sheer necessity. W^ar needs have accentuated 
the demands for motor fuels and have stimulated 
processes for the production of substitute gaso¬ 
lines, particularly in European countries, wdiich 
with the exception of Russia are poorly supplied 
with petroleum. 

The hydrogenation of coal by the Bergius pro¬ 
cess, which ojieratcs at temperatures of 480V. 
(900°f.) and pressures of 200 atm. or higher, 
produces the largest amount of non-petroleum 
gasoline in Europe. In 1940 the coal hydro¬ 
genation process produced 24,225,000 barrels of 
gasoline in Germany.The Eischer-Tropsch 
process in whiedi carbon monoxide is hydro- 
generated in the presence of catalyst produced 
11,135,000 barrels in the same year.^’^ Later 
figures are not available due to wartime restric¬ 
tions. 

Large amounts of benzol and light coal-tar 
distillates were used in Germany toi increase the 
available supplies of motor fuel, the amount in 
1940 being over 6,000,000 barrels, while 600,000 













388 


PETROLEUM. 


barrels were used in France and 300,000 in 
Belgium.Benzol has an anti-knock rating 
Ijetter than r^ooctaiie and is a valuable con¬ 
stituent of gasoline blends. 

Shale oils in 1940 accounted for about 
10,000,000 barrels of gasoline for European con¬ 
sumption. Gasolines from this source are highly 
olefinio and require chemical treatment and the 
use of inhibitors to stabilise them. 

The use of compressed hydrocarbon gases is 
common in Europe. For automotive transpor¬ 
tation, gases are used in flexible balloons under 
low pressure, and also in cylinders under pres¬ 
sures from 75 to as high as 5,000 psi. The higher 
the pressure the heavier the cylinders required, 
and considerable weight is added to the auto¬ 
motive vehicle. However, the use of hydro¬ 
carbon gases in this manner is extensive. Pro¬ 
pane-butane mixtures operate with good effi¬ 
ciency, these mixtures being a by-product not 
only of natural gas and petroleum refining, but 
of the coal hydrogenation and Fischer-Tropsch 
processes used in Europo.^^^ Some data in con¬ 
nection with the relative fuel values of com¬ 
pressed gases in relation to gasoline are shown in 
Table LXII.171 i 


Table LXII.— Compressed Gases in 
Relation to Gasoline. 


Gas. 

Cylinder 

w«'ight, 

lb. 

Pressure, 
lb. per 
sq. in. j 

Gas, 

lb. 

Gasoline 

equiva¬ 

lent, 

IJ.S. 

gal. 

Proiiaue-butane 

117 

75 150 i 

1000 

180 

Metliane . 

115 

3,000- 

5,000 

28-0 

4*56 

City gas . 

155 

3,000 

12-6 

1-8 


Ethyl alcohol is being used in a number of 
countries as an internal combustion engine fuel 
to supplement supplies of gasoline. The most 
frequent use is in blends with ordinary gasoline, 
although in localities where gasoline is expensive 
alcohol is sometimes used alone. The source of 
alcohol is most commonly the fermentation of 
vegetable materials such as grain, particularly 
corn, although its production from the fermenta¬ 
tion of potatoes, beets, black strap molasses and 
bagasse from cane sugar manufacture is also 
practised. Alcohol is produced commercially 
from ethylene obtained from cracking process 
gases. Ethylene is dissolved in sulphuric acid 
of 90% or higher concentration to form mono- 
and di-ethyl sulphates. The mixed esters are 
hydrolysed to produce ethyl alcohol, diethyl 
ether, and small amounts of other products. 
The reactions involved in this process are given 
below.^’® 

CH2;CH2+ HgSO^ CH3 CH2 HSO4 
Mono-ethyl sulphate. 
2 CH 2 :CH 2 d-H 2 S 04 -> (CH3 CH 2 ) 2 S 04 
Diethyl sulphate. 

CHg CHg HSO^+HaO -v 

CH3CH2OH+H28O4 

Ethyl alcohol. 

The mono-ethyl ester is more readily hydrolysed 
than the diethyl compound. 


The amount of alcohol used as motor fuel is 
difficult to determine. The amounts used 
annually in certain European countries prior to 
the outbreak of the Second World War have been 
estimated as follows : 


Table LXIII. 


(\iuntry. 

Alcohol 

(barrels). 

German3^. 

4,000,000 

France . 

1,600,000 

Hungary. 

80,000 

Poland. 

100,000 

Italy. 

345,000 

Lithuania. 

50,000 


In China the need for motor fuel during the 
Second World War led to the cracking of 
vegetable oils to produce gasoline and diesel 
fuel. Such oils as tung, rape seed, cotton seed, 
soybean, and peanut were tried, with the greatest 
emphasis on the use of tung oil. The oils were 
destructively distilled w ith cracking of vapours, 
cracked liquid phase in the presence of catalysts 
such as aluminium cldoride, lime, magnesia, and 
caustic soda, and saponified with later cracking 
of the soap and recovery of glycerol. Yields of 
200°c. (392 °f.) end-jjoint gasoline distillate of 
from 16 to 30% were obtained, with an average 
of about 20%, based on the original vegetable 
oil. The gasoline distillate contained acrolein 
and was quite unsaturated, losses from 15 to 78% 
being encountered on treatment with sulphuric 
acid. The A.S.T.M. octane number was about 60. 

Countries deficient in gasoline supplies arc 
using producer gas to power their vehicles. 
Many types of solid fuels are used in gas gene¬ 
rators, either connected to or integral with the 
engines. Table LXIV lists some of these 
according to source. 

So extensive has the use of producer gas 
become that it has resulted in many localities in 
a shortage of the solid fuels themselves. In 
1938, Europe had about 9,000 trucks and buses 
in operation which depended upon producer gas 
for their propulsion, while in 1941 there were 
450,000 such vehicles registered, a 50-fold in¬ 
crease. In Russia the use of wood for the genera¬ 
tion of producer gas is discouraged because it 
is expensive and low in energy content. It is 
estimated that one tractor consumes annually 
the wood of 2J acres of forest, and although 
Russia has large timber resources, this woifid 
moan depletion of reserves. Charcoal is recom¬ 
mended because it is easily handled, has high 
heating value, and yields no rc-sinous substances. 
Good charcoals have been obtained from dry 
distillation of wood wastes, pine pitch, stumps, 
windfalls, and slabs. Peat, sapropeles, and shales 
have been used directly. Semi-ooked peat has 
been used effectively, and the distillation of peat 
tar which gives liquid fuel and lubricants reduces 
costs considerably. In some parts of Russia 
brown coal is used in gas-generating tractors. 
The cost in these installations is said to be about 
one-sixth that of gasoline, one-third that of 
wood, and from one-half to one-third that of 
charcoal. 
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Table LXIV. 

Wood. 

1. Charcoal. 

2. Wood (green or dried). 

.3. Sawdust. 

4. Shavings. 

5. Chips. 

(). Waste. 

7. “ Generator.” 

Peat. 

1. Peat dried). 

2. Peat (carbonised). 

3. Peat coke. 

4. J^oat (briquet). 

Coal. 

1. Brown. 

2. Lignite. 

3. Anthracite. 

4. Coke (low toinperatiire). 

T). Coke (high temperature). 

(). Coke (brecize briquet). 

Miscellameoiis. 

1. Corn cobs. 

2. Flax waste. 

3. Lignin. 

4. Grain wheat. 

5. (hftoe husks. 

6. Nut shells 

7. Cotton seed. 

8. Sugar cane (branches). 

0. Grape seeds. 

10. Straw. 

Apart from the inconvenience of charging, 
starting, and ash disposal, producer-gas pro¬ 
pelled vehicles attain a maximum H{>eed of about 
35 m.p.h. on level stretches and can seldom over¬ 
come more than a 7% grade, w hile loaded trucks 
have difficulties with still lowTr grades. The 
question of carbon monoxide poisoning has made 
necessary the imposition of regulations concern¬ 
ing the operation of generators. 

As a comparison of petroleum products with 
various substitute materials, the data in 
Table LXV show on a heat-content ba-sis the 
relative volumes of various substitutes in equiva¬ 
lent barrels of ordinary motor gasoline. 

Table LXV. 

Equivalent 

barrels 

Kasoline, 

60” A.P.I. 

One barrel: 

Benzol.107 

Natural gasoline .... 0-941 (assuming 75 ° 

A.P.I. natural 
gasoline). 

Butane.0-823 

Propane.0-730 

Ethyl alcohol.0-671 

Methyl alcohol .... 0-507 

One thousand cubic feet: 

Natural gas.0-219 (assuming 1,150 

B.TIlU. per 

cu. ft.). 

Methane.0*196 (assuming 1,009 

B.Th.U. per 

cu. ft.). 

Manufactured gas (city gas) . 0-103 (assuming 637 

B.Th.U. per 

cu. ft,). 

Producer gas.0-019 (assuming 100 

B.Th.U. per 

cu. It.). 


Kerosene. 

The word “ kerosene ” was originally a trade 
name for lamp oils produced from coal and oil 
shale and is an alternative name with ])araffin 
oil (British) and coal oil (American). Prior to 
the commercial production of these oils, many 
typt^s of vegetable and animal oils and fats were 
ased for artificial lighting, and explorations have 
shown that wick-fed lamps using these oils 
were common many thousands of years ago in 

Egypt.175 

Kerosene was the mainstay of the i>etroleum 
industry in the Ihiitod States for about half a 
century, and all possible fractions w'cre blended 
to produce a maximum yield. Table LXV I 
shows the status of kerosene for the first four 
decades of the tw entieth century.^’® 


Table LXVI. 


Y<*ar. 

IVrf-ontage yield 
of k(!roseiie 
from crude. 

Annual pl odiic-tion 
(millions of 
barrels). 

1899 

57*6 

33 

1904 

48-3 

57 

1909 

33-0 

CO 

1914 

24-1 

63 

1919 

15-4 

55 

1924 

9-3 

57 

1929 

5-8 

53 

1935 

5-8 

rjrrs 

1942 

.5-2 

70 

1944 

4-8 

78-5 


Kerosene is essentially .a straight-run distil¬ 
late, the boiling range lying between gasoline 
and gas oil, although it may overlap both of the 
latter products. The initial boiling-point is 
sometimes as low as 128°c. (2()2 °f.), and as liigh 
m 180°o. (35(rF.), while its final boiling-point 
may vary from 235^* to 33()°c. (455° to 572 '^f.). 
Like otlujr straight-run products, kerosene 
distillates contain paraffins, naphthenes, and 
aromatics, and their physical and chemical 
properties depend upon the proportions, struc¬ 
tures, and boiling range of these hydrocarbon 
groups. Treatments of kerosene distillates to 
improve their burning properties are aimed 
primarily at the removal of aromatic hydro¬ 
carbons and a certain amount of the naphthenes. 

The United States Bureau of Standards, w^ork- 
ing under an American Petroleum Institute 
Research Project, has separated a number of 
hydrocarbons boiling in the lower portion of the 
kerosene range, i.e., from 145° to 230°c. (293° to 
446°c.).^^® These include «-nonaiio, w-decane, 
i,9odeeane8, mesitylene, pseudocumeuc, hemi- 
inellitene, propyl benzene, ethyltoluene, butyl- 
benzene, methylpropyJbenzene, and naphthenes. 
Other compounds isolated from an aromatic 
fraction after freezing and centrifuging out 
normal paraffins were; 1;2:3:4-tetramethyl- 
benzene, naphthalene, 5;6:7:8-tetrahydronaph- 
thalene, 2 - meth y l-5:(): 7:8 - tetrahydronaphtha - 
lene, l.methvl-5;6:7:8-tetrahydronaphthalene, 2- 
methylnaphthak-ne, 1-metbylnaphthalene. These 
hydrocarbons represent about 20% of the distil¬ 
late fraction analysed. The remainder of the^ 
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compounds are paraffins and naphthenes which 
have not yet been isolated and identified as 
individual compounds. Other workers have 
found dimethyhiaphthalone, ethylxylene, and 
yj-cymone. The untreated kerosene distillates 
may contain as high as 40% of aromatic 
liydrocarbons. Both sulphur and nitrogen com¬ 
pounds are present. Total sulphur ranges from 
0 02 to 0*1% and nitrogen compounds are pre¬ 
sent in distillates from' nitrogen-containing 
crudes, such as those from California, Galicia, 
Rumania, Russia, and Japan. Several types of 
organic acids occur; paraffin carboxylic, mono- 
cyclic, and bicyclic acids being present in 
amounts varying freun 0*1 to 2*0%. 

iSpccilications for kerosene are closely bound 
with the design of tlie lamps in w'hich it is to 1 m> 
used. The specific* gravity of most kerosene 
varies from about 0-775 to 0-850 (51 to 35 
A.P.J.). Colour varies from water-white to a 
light green (jr yellow, although colour alone is 
no indication of burning properties. The flash 
point is the most important property of kero¬ 
sene from a safety standpoint, since this test 
indicates tlie tem])erature at which explosive 
(piantities of vapoui* are formed. Flash-point 
specifications vary from about 24° to (>(>'c. (75° 
to 150°f.). 

The viscosity of kerosene is an important 
property w'hich det(wmines the rate of ft'cd 
through the wdek. The most important tests for 
korosojic are those using lamps, w’hich indicate 
the suitability of the product for use as an 
illuminant. In fbesc tests the developed candle 
])ower of the oil is determined per unit of oil con¬ 
sumed, the wick is examined after a test to 
notice deposits wdiich may ejicrust it and inter¬ 
rupt the flow of kerostme to the flame, and the 
chimney is examined for deposits which lower 
the luminosity. The candle power develo])ed 
by a given lamp depends u])on the unit lumi¬ 
nosity of the flame and the height wdiich can be 
used wdthout smoking. A kerosene with a high 
percentage of aromatic and naphthenic hydro¬ 
carbons giv^es a more intensely luminous flame 
but smokes sooner as the flame is increased, 
w bile a highly paraffinic kerosene gives less light 
per unit flame area but permits a higher flame 
before smoking occui’s. 

The smoko point of kerosenes is determined in 
small test lamps, the flame being turned up until 
smoke appears "at the tip wffieii the height of the 
flame is noted as the smoko point. By this tost 
an idea of the hydrocarbon composition of the 
oil is obtained and an indication of its smoking 
tendencies in ordinary flat wick and circular 
wdek lamps. A paraffinic kerosene -will give a 
high flame without smoking, while one con¬ 
taining a high percentage of aromatic and 
naphthenic hydrocarbons will give a much lower 
flame before smoke appears. 

Table LXVII shows results obtained with a 
paraffinic kerosene to which different percent¬ 
ages of a highly aromatic kerosene extract were 
added. 

Highly refined and good burning kerosenes are 
needed not only for domestic lighting, but in 
railwa}^ signal lamps, lighthouses, and in in¬ 
cubators and brooders, places where any inter¬ 
ruption of the illumination or beating is 


Table LXVII. 


p.irallinic 

k(M*OHlMU*. 

% aroimitic 
extract. 

Smoke 

min. 

100 

0 

32 

95 

5 

29 

90 

10 

26 

85 

15 

22 

80 

20 

20 

70 

30 

14 

60 

40 

10 


especially disastrous. Kerosene heating and 
cooking stoves arc still wfideJy us(h!. For those 
special ust^s the flash jioint shrmhl be high to 
eliminate dangers of tixplosion, and tlui viscosity 
should be low to iiisuri' uniform feed rates, even 
though the oil h;vel varies considerably, A 
heavy kerosene knoAvn as “ n)incral seal nil ” is 
used as a coach and slnp illuminant, and as a 
gas absorption oil. 

Gas Oils, FruNACK Oii.s, and Ri'-sidual 
Fi'lt s. 

Gas oil is th(* lei in broadly applied to iK'stroIcum 
distillates which distill betwea'ii keroseiu' aiul 
lubricating oils. 34io boiling range (jf sueli distil¬ 
lates varies witlely, the initial boiling-point being 
sotiKdimes as low' as 1S(VV'. (35()' f.) and the end 
point being frequently as high as 45()°c. (842 °f.). 
Most gas-oil distillates ovi'rlap the liigber boiling 
range of kerosene, and the amount I’ceovered 
from various petroleums dcpiuids upon the 
method of distillation and the amount of kero¬ 
sene produced. term gas oil has been 

broadly applicil to these distillates because of 
their use in earburetting water gas to laisc its 
heating and illuminating value, llowevi'r, they 
are widely used as domestic fuel oils and are in 
demand as craeking-jilant charging oils, par¬ 
ticularly in catalytic cracking operations. 

In the gas industry, gas oils are cracked at 
high temperatures of the ordm* of 725-775°(\ 
(1,337-1 ,427 '^’f'.) to produce gas mixtures which 
are blended with water gas to give the required 
heating and illuminating characteristics. 
Gas-oil distillates vary in s])eoific gravity from 
about 0*9042 to 0*8498 (A.P.I. gravity 25-35), 
although most are included in the range from 
0*8762 to 0*8498 (A.P.I. gravity 30-35). They 
are usually too viscous for satisfactory lamp oil 
and not viscous enough for lubricating oils. 
Many contain paraffin wax and show* a relatively 
high solidification temperature. They vary in 
colour from a straw yellow to dark red, and some 
exhibit greenish or bluish fluorescence. Some 
made by the distillation of asjihaltic crude oils 
contain colloidal asphaltic particles which pre¬ 
cipitate on standing or coagulate in contact with 
a small amount of sulphuric acid. 

Limited data on the hydrocarbons present in 
gas oils show varying amounts of aromatics, 
naphthenes, and paraffins but generally no 
olefins.High carbon to hydrogen ratios in 
heavier gas-oil fractions combined with un¬ 
saturated tests with halogens indicate that olefin 
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liyclrocarboriH arc absent, and lead to the con- 
(ilusion that the hydrocarbons present are poly¬ 
cyclic. aromatics or their partially or completely 
hydrogenated derivatives. '.I'ypical compounds 
which are probably present in gas-oil fractions 
are aceiia})litheiie, b.]). 277^0. (530 °f.), fluorene, 
b.p. 295"(!. (r)(),TF.), a complettily hydrogenated 
phenanthrene, ]>.p. 274‘^(\ (r>2(rF.), and paraffins 
such as isomeric i.riacontanes. 

In Table LXVllI the names and formulas of 
hydr'oearbons indicaled in gas oils are given, 
which show that in all cases the ratio of carbon 
to hydrogem is greater than that required by the 
formula C„Ho„, the overall formula for either 
naphthenes or mono-olefins. 


TABf.K LXVllI. 


Hydnu-arbon. 

1 t'orinulu. 

Aconafjhtlieiie .... 

■ I ^12^10 

Fluorene . 

* ' ^13^12 

Perhydroplumanthione 

• ; ChH,, 

Perhydrochr^’seno . 

• j ^18*^30 


In rating distillates for their value in im¬ 
proving water gas or other low heating-value 
gases, the most direct UK'Uiorl involves passing 
the gas oil through a cracking tube at a tem¬ 
perature of about 75(Pc. (l,3S2‘d^’.) under atmo- 


Taule LXIX.— Characteristics op Three Samples op Gas Oils. 



1 . 

o 


(Colour. 

Dafk brown. 

Brownish-gi een. 

Dark brown. 

. 

A.P.l. gr. 

0SP)3 

0-8745 

0-8628 

;!.vi 

30-3 

32-5 

H^^drocarbon analysis by vol.) : 

Paraffins. 

73-0 

44-(i 

45-0 

Olefins. 

14-0 

4-4 

26*0 

Xaplithenes. 

9*0 

43*0 

19-0 

Aromatics. 

40 

S-0 

10-0 

Distillat ion test: 




Initial b.p.I 

19r'c.; 375’F. 

190'V.; 3740-'. 

189"c.; 372 "f. 

Kiid b.p.' 

40ro.; 760 f. 

37iPc.; 7140'. 

436"o.; 817 °f. 

% by vol. : i 




Lain]) oil, ir)0-315^<'. (3U2-5fMPF.) . . j 

78-S 1 

1 S5-5 

60-0 

Heavy oil, above 315'(\ (SUIPf.) . . j 

20-9 i 

14-3 

38-0 

Cracking test: ! 



i 

Optimum tcm})craturc.{ 

718-750^^0. , 

742 760’(’. 

742-769%\ 


1,330-1 ,390"f. 

1,380-1 ,410^f. 

1,380-1,425°f. 

Efficiency, Ti.Th.U. per gal.| 

104,000 

96,500 

101,500 

Cu. ft. oil gas per gal.j 

59-5 

60-5 

58-0 


s])heri(^ pressure and determining the volume of 
gas produced and its heating value. Table LXIX 
iuclud(^8 tlie })ropcrtie8 and the results of eraek- 
ing tests on three typical gas-oils, which indicate 
that the oil containing tlie highest per(*entage 
of straight-chain hydrocarbons j)roduccd the 
highest yield of heat units per gallon of oil 
Clacked. 

There are no well-established specifications for 
ga.s oils involving gravity, flash point, viscosity, 
hydrocarbon composition, and heating value. 
8omo spiitcificationa require less than 0*5% total 
sulphur in order to reduce the amount of jiurifi- 
I'ation necessary in the carbui-etted gas. 

Furnace Oils. 

Gas-oil distillates are also in demand as light 
furnace oils for domestic heating and as diesel 
fuels. In 1934 about 54,000,000 barrels of^ 
distillate fuels were used for domestic heating in 
the Unit-ed States, and in 1941 the figure had 
increased to 121,000,000 barrels. The con¬ 
sumption of these distillates as diesel fuels in 
1934 was 12,700,000 barrels, and in 1941, 
27,700,000 barrels,The recent large increase 


in catalytic cracking to make high octane avia- 
fion stocks has increased the demand for gas-oil 
distillates to be used as charging oils for the 
catalytic processes whiesh operate best on these 
distillates. In 1945 the daily charge to catalytic 
cracking plants in the United States was one 
million barrels, practically all gas oil. This has 
reduced the domestic heating oil consumption 
appreciably. Rec 3 H;le stocks from cracking pro¬ 
cesses, both thermal and catalytic, have about 
the same boiling ranges as the gas-oil distillates 
produced in straight-run crude distillation. 
These stocks, however, contain high percentages 
of C 3 "clic hydrocarbons, both naphthenic and 
aromatic, and hence are refractory and carbon- 
forming when fm'ther cracked, so that they do 
not constitute the best charging stocks for 
catalj^tic cracking plants. However, thej^ are 
suitable for use as furnace oils and may supple¬ 
ment straight-run distillates used for this 
purpose. 

Residual Fuel Oil. 

The residual high-boiling liquid products from 
the primary distillation of crude oil or from 
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cracking plants have thus far found their 
principS use as industrial fuel for steam raising 
and other heating.^®®’ While some of the 
lighter more paraffinic crude oils, such as those 
from Pennsylvania, yield residues which can be 
worked into waxes, petrolatum, and lubricants, 
the bulk of the residues from crudo-oil distil¬ 
lation arc black and asphaltic in character and 
suitable only for fuel or for cracking in specially 
designed plants wherein they produce, in addi¬ 
tion to gas and gasoline, extremely heavy 
asphaltic residuum or coke. Heavy fuel oils are 
usually burned by atomising them into a com¬ 
bustion chamber with air or steam. In order to 
prevent clogging of pump valves and biurner tips, 
they should be low in suspended carbonaceous 
material. A low content of mineral sediment 
prevents erosion of burners and fittings. The 
pour point should Ik? reasonably low to prevent 
solidification on storage. The A.S.T.M. gives 
specifications for different types of fuel oils 
(Table LXX). 

Lubricating Oils. 

These are made from the portions of 
jK?t role urns boiling at higher temperatures than 
gas oils, so that to avoid decomposition the 
primary lubricating oil distillates are produced 
under sub-atmospheric pressure or its equivalent 
using steam. The principal requisites of 
lubricating oils are: (1) Suitable viscosity; 
(2) ability to retain viscosity at elevated tem¬ 
peratures; (3) stability under service con¬ 

ditions ; (4) freedom from gummy, adhesive, or 
abrasive materials; (5) sufficiently low cold- 
test ; (6) proper flash point. 

Petroleums yield varying amounts of distil¬ 
lates from which commercial lubricants can be 
prepared by sulphuric acid treatment, solvent 
extraction, de-waxing, filtration through or con¬ 
tact with absorbents such as fuller’s earth or 
granular chars, and the use of additives such as 
pour-point depressants. Some petroleums of 
low specific gravity contain high proportions of 
gasolines and have only small value as a source 
of lubricants, while others are of use principally 
for lubricant manufacture. Some data are given 
in Table Vll on the yields of lubricating oils from 
miscellaneous petroleums. 

More details on processes involved in lubri- 
cating-oil manufacture, their chemical com¬ 
position, the use of additives to improve their 
properties, their methods of testing, the 
mechanisms of fluid and boundary lubrication, 
and the nature of frictional forces are found 
under the heading of Lubrication and Lubri¬ 
cants {v, Vol. VII, SS5d). 

Paraffin Wax ( v . this Vol., p, 403d). 

Many petroleums contain dissolved solid 
paraffin hydrocarbons, the amount recoverable 
from crude oils being as high as 3% by weight. 
These hydrocarbons comprise Iwth n- and iso¬ 
paraffins containing from about 15 to 35 carbon 
atoms per molecule. They occur in highest 
pereent^es in petroleums of the jmraffinic type, 
in diminishing percentages through mixed base 
crudes, and in low quantities in the heavier 
asphaltic oils. The presence of these waxy 


materials restricts the flow of many crude oils 
in the ground and accounts for the deposits of 
the so-called rod wax on pump rods. Waxy 
materials frequently settle to the bottom of 
crude oil storage tanks, particularly if the 
temperature of storage is lower than that of the 
oil underground.^®® 

Solid paraffin hydrocarbons are distributed in 
the gas-oil and lubricating-oil fractions of crude 
petroleums, some of those fractions, usually high- 
boiling gas oils or lighter lubricants being called 
paraffin or wax distillates. Where wax is a 
desired product the primary crude distillation 
is conducted so that a distillate containing a 
relatively high jicrccntage of wax is recovered 
for processing. Some paraffin distillates may 
contain 25% or higher of paraffins solid at 
ordinary temperatures. 

The manufacture of refined wliito paraffin wax 
from petroleum involves a number of steps. If 
the distillate is from a paraffinic crude and sub- 
stantiall 3 ' free from asphaltic or tarry con¬ 
stituents, the j>rocess of wax manufacture is 
relatively simple. If asphaltic materials are 
present, thi^y are removed b}^ sulphuric acid or 
absorbents such as fuller’s earth in a preliminary 
treating stage. For a long time it was con¬ 
sidered necessary to re-run and slightly crac k the 
paraffin-containing distillates in order to crystal¬ 
lise the paraffin and render subsequent separa¬ 
tion easier. However, later developments have 
cast some doubt on the necessity of this step. 
The wax distillate is refrigerated to bring its 
temperature to about —12 to —9“c. (10 to Ifi'F.) 
and filter pressed, a wax cake being collected 
between canvas-covered perforated steel plates. 
This so-called “ slack wax ” may still contain as 
fnuch as 30-40% oil. Pressed oil from the filter 
may Ijc further processed at successively' reduced 
l-emperatures to obtain more complete sopara- 
j tion of the original wax. The “ pressed distil¬ 
late ” from which the paraffin has been reriioved 
is used as a base for the manufacture of low cold- 
test lubricants. 

To remove the oil from the slack wax,” it is 
subjected to a ” sweating ” operation as follows : 
The “ sweater ” is a large shallow pan from 15 to 
20 ft. square and about a foot deep. It contains 
a supported horizontal screen a few inches above 
the bottom of the pan and a flat horizontal pipe 
coil above the screen. The pan contains water 
to a depth sufficient to just submerge the screen. 
The ” slack wax ” is melted and pumped onto 
the water layer and solidified to a cake by pump¬ 
ing a refrigerating liquid through the pipe coil. 
The lower layer of water is then drawn off and 
the wax cake settles onto the screen. By slowly 
raising the temperature of the room containing 
this “ sweater,” the wax cake is slowly and uni¬ 
formly heated so that the oil drips or sweats ” 
from the cake of wax crystals. The recovered 
oil from this step is known as Foot’s oil. It con¬ 
tains some paraffin and may be reprocessed with. 
original paraffin distillate. 

After the removal of the oil by “ sweating,” 
the wax is remelted and subjected to finishing 
treatments which may involve percolation 
through bone black or fuller’s earthy contact clay 
treatment, or treatment with sulphuric acid. 
Most marketed paraffin waxes contain less t^n 
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1 % of oil and the av erago is not more than 0*3%. 
The melting-point of a wax depends upon its oil 
content and the boiling range of the wax distil¬ 
late from whicb it was made. Grades of wax 
are marketed havnng melting-poiiits at 
(o''f.) intervals from 38° to (100° to 15()'T.). 
Those melting below 49“c. (120 ''f.) are soft 
waxes and those above 54"c. (130 “f.) art? 
generally classified as hard waxes. Intermediate 
grades include nutting-points between 49"' and 
54"c. (120'' and 130 'f.). The melting-point of 
paraffin wax is readily doteianincd by stirring 
the molten wax with a thermometer bulb, and 
noting as the wax cools the temperature at 
whic'h a lag in the rate of cooling occurs. 

An important nu)dilication in paraffin wax 
manufacture involves the use of liquid propane 
as a solvent.The paraffin-containing distil- 
latt* is dissolved in liquid propane under pressure 
at atmospheric or slightly elevated temperature. 
Asphaltic materials are insoluble and are jUH'ci- 
pitated and removed by settling so that a solu¬ 
tion of purified paraffin wax in propane is 
obtained. Cooling and separation of wax is 
brought about by evaporating part of the pro¬ 
pane, or the solution may bo cooled by heat 
('xchange with a refi'igerating liquid. The wax 
precipitated at the reduced temperature may be 
removed by settling, but better by jnivssure 
filtration. The oil dissolved in the propane 
after separation of the wax is recov(u*efl by 
distilling off the propane. “ Sw'cating ” of the 
filtered wax is usually unnecessary to produce a 
product of low oil content. 

Other solvents w4iich are used in wax manu¬ 
facture are ac'etone-benzol mixtures and chloro- 
ethylene compounds. Using the latter type, the 
w'ax is less dense than the oil-solvent mixture, 
whi(*h can be removed by centrifuging. 

Petrolatums arc mixtures of solid paraffin 
hydrocarbons and viscous oils.^^^ They were 
first manufactured from paraffin-base Penn¬ 
sylvania oils, but are now obtained from other 
crude oils by partial centrifugal dewaxing of 
viscous distillates produced by vacuum distil¬ 
lation. The solid hydrocarbons in petrolatums 
are micro-crystalline and constitute from 10 to 
15% of its weight. Petrolatums are sometimes 
made by molting paraffin waxes with highly 
refined lubricating oils or medicinal oils. 

By the solvent extraction of the oil in petrola¬ 
tums, micro-crystalline waxes are recovered 
which have higher melting-points than those 
obtained by other processes. One marketed 
grade melts at 77~79°c. (170-175 °f.), and 
another at 88-91°c. (190-195 °f.). These waxes 
are flexible at extremely low temperatures and 
resistant to moisture so that they are used 
extensively in packaging, in airplane wing de¬ 
icing, and the impregnation of footwear. 

Refined paraffin waxes for coating and sealing 
purposes are colourless, odourless, and tasteless. 
They find extensive use in candle manufacture, 
in waterproofing paper, leather, and textiles, in 
food preservation, in electrical cables, con¬ 
densers, and switches, as insulating materials, 
in polishes and in physiotherapy. 

Natural or mineral waxes include ozokerite, 
and montan wax, the latter being extractable 
from lignite by means of solvents. Constituents 


of ozokerite have melting-points varying from 
60 to 93”o. (140 to 200 °f.), while montan waxes 
melt from 77 to 93^’c. (170 to 200°r.). Refined 
ozokerite is sold under the name of “ Ceresin."^' 
It i.s presumed that mineral waxes were filtTered 
from potrohnims migrating through })orous 
strata. 

Asphalt. 

Tli(‘. w'ord asphalt has its origin in ancient 
Babylonia. Originally it meant “ firm, stable, 
or secure,” and was evidently descriptive of the 
use of the material as a cement. To-day the 
term asphalt is a])plied to miner als or peti oleum 
residues having a pitchy, tarry, or adhesive 
character which are solid or semi-solid, brow n or 
black, low'-volatile hydi’ocarbon mixtures fusible 
on licating. 3’his definition includes many 
natural aiul manufactured inattuials which arc 
used as biiKi<us in road or building aggregate's, 
or as watcr])roofing and sealing materials in roof 
coverings and paints. It excludes materials 
made from w^ood tar, coal tar, and shale tar, 
although uses of tliese latter tars and pitches may 
ove'rJap the uses (T petroleum asphaits.^^*^’ 

Natural asphalts contain varying amounts of 
mineral matter, from trac'cs to as high as 50*^0. 
Crystallisable ]niranins ai’e usually absent. 
Oxygen raiely exceeds 5%, and nitrogen is 
se'ldom pre.sent in amounts over 2%. 

The origin of natural asphalts is ])resumed to 
be the .same as of liepiid petroleums, the asphalts 
being i*(;.siilues leff after the evaj)oration of the 
lighter j>ortioi)s of liquid oils. Natural asphalts 
occur in widely s(qmrated loealitic's. TIktc^ w'cro 
many seepages and pits in ancient Persia and the 
areas around the Black, Caspian, and Rod Se.as. 
The working of these surface deposits furnished 
asphalt for building and road construction, and 
also the W'aterx)ruofing of boats. There are 
definite indications that asphalt w'as used by tlie 
Sumerians as far back as 3000 b.c. The Egyj)- 
tians used asjjlialt to mummifj^ their kings and 
important personages. Streets in ancient Baby¬ 
lon were made by sotting stones in asphalt, and 
the floors of many temples arc still intact. 

The most famous source of natural asphalt is 
the Pitch ].^ake of Trinidad, which w'as first 
described by Sir Walter Raleigli after a visit to 
the lake in 1595. The Asphalt Lake covers an 
area of about 100 acres in the crater of an extinct 
mud volcano. Borings have shown an asphalt 
of uniform corax)osition to a depth of 286 ft. 
The asphalt is emulsified with water and fine 
clay, the inorganic matter constituting 35 to 
weight of the mass. A similar but 
smaller lake occurs in north-eastern Venezuela 
and is known as Bermudez Pitch Lake. It 
covers an area of about 900 acres and the asphalt 
has an average depth of about 4 ft. 

There are several natural asphalt deposits in 
the United States. Gilsonite occurs in Utah and 
Colorado in veins which extend for a total 
distance of about 60 miles. A variety known 
as Grahamite occurs in West Virginia, this 
material resembling several similar deposits in 
Cuba, South America, and Trinidad. The tar 
sands occurring in the Canadian province of 
Alberta contain a soft asphaltic material im¬ 
pregnating a loose sandstone. The total 
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asphaltic content of these sands has been 
estimated to be l>etweon 100 and 250 billion 
barrels, constituting an enormous reserve of 
hydrocarbons. Owing to the thick and sticky 
character of the tar which is separated from the 
sand, the recov^ery of the hydro(‘arbon material 
involves mining and displacement by means of 
hot water. 

Artificial or manufactured asphalts are ob¬ 
tained as residues in the distillation of asphalt- 
containing j)etroleums. The crude oils are first 
ffaciionatcfl in the usual combination of heated 
f)ipc coil and fractionating column to distil off 
gasoline, kerosene, and gas oils. The n^siduc 
from this primary step is subjected to further 
distillation in similar equipment, which is main¬ 
tained under leduced pressure to prevent decom¬ 
position or cra('king of the heavier portions of 
the crude. Under these conditions lubricating 
oils are distilled and an asphaltic residue is 
obtained, the consistency of wbi(‘h will increase 
with the amount of material volatilised. The 
consistency of asphalt varies over wide ranges. 
Some ar(‘ so hard and brittle that they an* 
readily ground to ])owder. The lighter asphalts 
exhibit lluid flow at ordinary tempmatures, 
(*v(‘n though they may apj)ear solid. Between 
these gi’adcs there are asphalts of varying 
degret^s of hardness, fluidity, and plasticity, so 
that a large number of grades are available 
which can be adapted to almost any service. 

Asphalts are readily hardened and their melt¬ 
ing-points are raised by controlh^d oxidation or 
by the action of Kuli)hur. In the first case, 
oxidation, dehydrogenation, and condensation 
redactions occur with elimination of water and 
low boiling aliphatic and naphthenic acids. 
When sulphur is used, a certain amount reacts 
a.nd some is converted to hydrogen mdphide and 
various sulpho-acids. In the nuinufactiire of 
oxidised, high melting-point asphalts for roofing, 
it is common practice to blow air through an 
asphaltic residuum at a rate which niaintaina the 
temperature of the mass of asphalt without other 
heating, the rate of oxidation for this purpose 
usually being sufficient at temperatures above 
204''c. (4()0 ®f.). Steam may be employed along 
with the air to control the oxidation rate and to 
assist in vaporising the products of the oxidation 
reaction. 

Many tests arc applied to determine the 
physical and chemical characteristics of aHjffialts. 
One of the most important measures of consist¬ 
ency is the penetration test, in which a weighted 
needle of standard dimensions is allowed to sink 
into a test sample at a standard temperature for 
a fixed time. Hard and brittle asphalts may 
show a zero penetration by this method. The 
typos used in road aggregates vary from 10 to 
around 100 mm. penetration, depending upon 
the service and climatic conditions. Asphalts 
of over 100 penetration merge into oily materials 
which are used for light road surfacing and dust 
laying. 

The melting- or softening-point of an asphalt 
is not as sharp as those characterising pure sub¬ 
stances, and is determined by several alternative 
method^ Melting-points of soft asphalts vary 
from 38 to 66°c. (100 to 160°r.). Some of the 
harder natural and manufactured varieties may 


have melting-jjoints as high as 2f>0°c. (500®F.), 
as in the case of oxidised or sulphiiriBod 
materials. 

Anoih(^r important test which gives iTidications 
as to the binding ]no|)crtic8 of an asphalt is the 
ductility te'st, in which a small briquette is 
pulled apart and the extension is noted at v Inch 
a break occurs. Ductility tests arc usualty made 
at 2r>”c. {ITf.). For details A.S.T.M. test 
method D-113-35 may be consiilted. Ductility, 
measured in centimetres of (‘xtensioii before 
breakage, varies from ya'.vo in haf’d, brittle, high 
melting-point asjffialts to over 100 cm. for many 
softer vari(‘tie8, 100 cm. being tbe usual limit of 
test machines. 

Oth<‘r tests employed in rat ing the consistency 
of asphalts include tests in which the rate of flow 
of a small portion of asphalts in an inclined metal 
channel is notc'd. Attempts have been made to 
measure directly the adbi^sivc properties of 
asphalts. Jn such tests, asy)halt is placed in tb(i 
annular speace between a horizontal rod and a 
co-axial sleeve, and the relative adhesiveness 
determined by noting the force necessary to 
twist the sleeve. Sucli tests are difiicult to check 
and (correlate with actual service and ha\’o not 
found general acceptance. 

The majority of natural asphalts have specific 
gravities varying helween 0*95 and 1-15, al¬ 
though a few Grahan)it(*s have values as high as 
1*20. Residual asphalts in the distillation of 
petrol(‘nm have speeifie gravities in about the 
same range as the natural asy)halts, depending 
upon Ilnur consistency, which in turn dejx^nds 
upon the ext(n»t of the distillation practised on 
the crude petrolQiim from which they arc made; 
whether vacuum or steam was employed or 
whether air-blowing was practised to raise the 
melting-point. 

Eva])oration tests are eondueded to determine 
the per<*entages of niatej'ial volatile at 1G3~ 
204°(\ (325-4()()^f.), and the reduction in pene¬ 
tration which occurs after such evaporative 
tests. 

The surface apj)earance of an asphalt may give 
indication as to its character. A material free 
from large amounts of mineral mattei* or j)araffin 
will have a smooth black rellccting surface, while 
largo amounts of mineral matter will dull its 
lustre; paraffin tends to give tin; surface a 
mottled and waxy appc*arance. Mineral matter 
is not always objectionabk*, particularly in 
natural asphalts, but the presence of large 
amounts of paraffin tends to lower adhesive 
jjroperties. 

Asphalts are arbitiarily differentiated by t.lnur 
solubility in different liquids. Mineral matter is 
insoluble in carbon disulphide. The so-ealled 
“ earbenes ” or heavy coke-like particles arc 
insoluble in carbon tetrachloride. Components 
known ^ls asphaltenes are soluble in carbon tetra¬ 
chloride but insoluble in light paraffin naphtha 
having a specific gravity of O-fifiO (A.IM. gravity 
about 86). “ Carbones ” are generally low in 
natural asphalts but may amount to soA eral per 
cent, in manufactured asphalts, which have beer» 
overheated and cracked, or overbumed in tht^ 
process of air oxidation. Asphaltenes are 
oxygen-containing compounds, while the por¬ 
tions soluble in paraffin naphtha commonly 
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referred to as petrolones or malthones are 
essentially hydrocarbons. 

In 1944, 6,990,100 short tons of petroleum 
asphalt were produced in the Ignited States. 

Special Pboducts iJ^fJLunma Cuemical 
Derivatives. 

Petroleum is used as a base for the manu¬ 
facture of many special hydrocarbon products 
and hydrocarbon derivatives.^®^ All of the 
gaseous hydrocarbons can be isolated from 
natural or cracked gases, or synthesised from 
other components. Natural gas and petroleum 
provide sources of hydrogen, hydrogen sulphide, 
methane, ethane, ethylene, acetylene, propane, 
propylene, w-butane, ^^obutane, 1-butylene, 2- 
butylene, /^obutylene and butadiene from simple 
fractionation or primary conversions, ryclo^ 
Propane, ryeZobutane, and cyc/obutylene are pro¬ 
ducible from the primary gaseous products by 
secondary reactions. Separation of individual 
normally liquid hydrocarbons is growing, and 
eventually many of these wHl be utilisable 
directly or as a base for chemical derivatives. 

Petroleum supplies n- and t«o-pentane, and n- 
and wo-hexanes. ?icoPentane, neohexane, 2:3- 
dimethylbutane, and i-oprenc are produced by 
syntheses involving dehydrogenation, isomerisa¬ 
tion, alkylation, and dealkylation reactions. 
Isomeric octanes including 2:2:3-, 2:2:4-, and 
2:3:4-trimethylpentanes, and triptane, 2:2:3-tri- 
methylbutane, are synthesised from pc*troleum 
cracked gases. Benzene, toluene, xylenes, and 
more highly methylated benzenes are obtained 
by dehydrogenation of eyeZohexane and mcthyl- 
eyeZohexane, or by methylating benzene. Ethyl¬ 
benzene is produced by catalytically alkylating 
benzene with ethylene or ethyl alcohol, and 
styrene by dehydrogenating the ethylbenzene. 
Alkylation of benzene with propylene yields 
isopropylbenzene (cumene), and the dehydro¬ 
genation of this compound yields a-methyl- 
styrene. Naphthalene is a direct product of 
cracking petroleum and also of dehydrogenating 
butylbenzenes. 

The lower boiling fractions of petroleum fur¬ 
nish liquid gases such as propane and propane- 
butane mixtures for domestic and industrial 
heating, fuels for internal combustion engines, 
and a number of hydrocarbon solvents. These 
include 86-88° A. P.I. gravity paraffin naphthas 
for asphalt solubility tests, petroleum ethers, 
solvents for extracting drugs and chemicals, 
paint, varnish, and lacquer vehicles, and sol¬ 
vents for rubber cements, textile proofing and 
finishing, dry cleaning, and rotogravure inks. 

Owing to the relative ease of separation of 
individual normally-gaseous hydrocarbons, these 
low molecular weight members of the various 
hydrocarbon groups furnish base materials for 
the manufacture of chemical derivatives.^®^ 
The reagents for primary reactions with hydro¬ 
carbons are the halogens (particularly chlorine), 
oxygen, water, sulphuric acid, nitric acid, the 
halogen acids, arid hypochlorous acid. Once a 
primary derivative is obtained, secondary re¬ 
actions lead into practically all classes of organic 
compounds, so that the chemistry of hydro¬ 
carbons is in fact an introduction to the whole 
field of organic chemistry. 


The action of chlorine on methane produces 
methyl chloride, methylene dichlorido, chloro¬ 
form, and carbon tetrachloride by successive 
substitution of hydrogen atoms. These chlorine 
compounds are used as cleaning fluids and as 
solvents for various adhesives and rubber 
cements. (Chloroform and carbon tetrachloride 
are used as anicsthetics and special solvents. 
(Carbon tetrachloride constitutes a large per¬ 
centage of non-inflammable cleaning fluids, a 
fire extinguishing fluid (“ Fyreiie ”), and a sol¬ 
vent for testing asphalts and tars. Methyl 
chloride is a reagent for adding methyl groups to 
both aliphatic and cyclic hydrocarbons. Methane 
also furnishes the difluoro-dichloro derivative, 
“ Freon y (CF,CI,). which is widely used as a 
liquid for refrigeration. 

The oxidation of methane yields formaldehyde 
and methyl alcohol as readily separable primary 
products. From the alcohol, dimethyl ether and 
various esters are made, t^ormaldehydo poly¬ 
merises to paraformaldehyde, and its cyclic 
isomer, trioxane. Formaldehyde is used in large 
quantities as a disinfectant and in phenol- 
formaldehyde resins (“ Bakelite ”). 

By reaction with steam in contact with 
selected catalysts, methane yields mixtures of 
carbon monoxide and hydrogen which furnish 
the mixtures charged to the Fischer-Tropsch 
process for synthesising alcohols, aldehydes, 
acids, or hydrocarbons. By reaction of 1 mol. 
of methane and 2 mol. of water, 1 mol. of carbon 
dioxide and 4 mol. of hydrogen are produced, 
the hydrogen being readily separated for use in 
hydrogenation reactions. 

Methane reacts w'ith the vapom's of nitric acid 
to form nitromethane, the first of a series of 
nitro-paraflins which arc excellent solvents for 
nitrocellulose, cellulose acetate, and the vinyl 
resins. Similarly, ethane is nitrated in vapour 
phase. Nitropropane, which is made by similar 
vapour-phase reactions, is used as an anti-gelling 
agent in synthetic rubber cements, and the low 
molecular weight nitro-paraffins are all utilisable 
in inks and protective coatings. The nitro- 
paraffiris are readily reducible to the corre¬ 
sponding amines. 

Ethylene is the starting material for a multi¬ 
tude of chemical derivatives. Its direct poly¬ 
merisation furnishes the plastic known as 
“ PolytheneF The hydrolysis of ethyl sulphuric 
acid or ethyl chloride gives ethyl alcohol. From 
ethyl alcohol, diethyl ether, acetaldehyde, 
acetone, acetic acid, and ethyl esters are pro¬ 
duced. Ethylene and hypochlorous acid react 
giving ethylene chlorohydrin as a primary 
product, which yields ethylene glycol on further 
hydrolysis. This compound is the basis of a 
large number of secondary derivatives, including 
polyethylene glycols resulting from dehydration 
and condensation reactions, glycol esters, glycol 
ethers, ether-alcohola, ether-esters, 6i^-dichloro- 
ethyl ether (“ Chlorex ”), and various ethanol- 
amines. By the low* temperature catalysed 
oxidation of ethylene, ethylene oxide is pro¬ 
duced, which can also be hydrolysed to ethylene 
glycol. In addition, it reacts with hydrocyanic 
acid to form acrylonitrile, the material used in the 
manufacture of “ Buna ”-N rubber. Similarly, 
ethylene oxide reacts with hydrogen chloride to 
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form vinyl chloride and subsequently the vinyl 
resins. The diixiot addition of chlorine to 
ethylene yields ethylene dichloride, which reacts 
with sodium tetrasulphide to form “ TJiiokol ” 
rubbers. Ethylene and hydrogen chloride form 
ethyl chloride whi(E reacts with sodium-lead 
alloy to form the widely used anti-knock agent, 
tetraethyl lead. 

Natural gas or produc'ts therefrom under high 
temperature conditions readily yi(dd acetylene. 
Two commercial acetylene units are lacing in¬ 
stalled at the present time (1945), one of which 
will produce at the rate of 75 tons a day or 27,000 
tons a year. Other units are also under way. 
The charging stock may be either pr()pane, 
butane, natural gasoline, or fractions from 
petroleum. It is believed that acetylene can be 
jiroduced at a lower cost by prot^essing natural 
gas than by the electro-chemical method of pro¬ 
ducing calcium carbide. The natural gas 
industry has enormous volumes of propane and 
other hydrocarbons available to supply the whole 
needs of the United Nations for acetylene and its 
derivatives. Acetylene may be converted to 
butadiene by a number of processes involving 
different sequences of steps. J n one process it is 
converted to vinylacetyleno which can be made 
to yield butadiene on hydrogenation. In another 
process, acetylene is converted to acetaldehyde 
by hydration, the aldehyde is then caused to 
undergo the aldol condensation; butanediol is 
produced by hydrogenation, and butadiene by 
catalysed dehydration. Acetylene yields acrylo¬ 
nitrile by reaction with hydrogen cyanide, and 
vinyl chloride with hydrogen chloride, and is also 
a base substance used in the manufacture of 
nylons. Chlorination produces such important 
solvents as tetrachloroethane, trichloroethylene, 
and pentachloroethane. Trichloroethylene is 
used for degreasing metal parts in airplane and 
automobile manufacture. 

Propane and propylene prodiK'ed therefrom by 
catalytic or thermal dehydrogenation are bases 
for another series of chemical compounds. Pro¬ 
pane is directly nitratable in the vapour phase. 
By absorbing propylene in 87% sulphuric acid and 
subsequently hydrolysing the monowopropyl 
sulphate, isopropyl alcohol is j^roduccd. The 
alcohol itself finds many industrial uses as a 
solvent, denaturant, and intermediate. By the 
catalytic dehydrogenation of isopropyl alcohol, 
acetone is readily obtained, and from this com¬ 
pound an aldol condensation gives diacetono I 
alcohol and, on subsequent dehydration, mesityl 
oxide. By the usual dehydration wdth sulphuric 
acid, isopropyl alcohol yields isopropyl ether, j 
which has b^n found to have exceptionally high 
anti-knock rating in motor fuel blends in con¬ 
trast to the knocking tendencies of diethyl ether. 
Like ethylene, propylene adds a molecule of 
chlorine to form propylene dichloride, and reacts 
with hydrogen chloride to form isopropyl 
chloride. The high temperature interaction of 
chlorine with propylene can be made to produce 
allyl chloride, from which hypochlorous acid pro¬ 
duces the dichlorohydnn, and further hydrolysis 
produces glycerol, from which edible esters and 
nitroglycerin can be manufactured. 

The four-carbon-atom paraffin hydrocarbons, 
including n-butane and isobutane, also yield 


large numbers of commercial products, w- 
Butane yields normal butylenes and then buta¬ 
diene on Kucci^ssive dehydrogenation, using such 
catalysts as chromium scsciuioxide on alumina. 
By hydrolysis with sulphuric acid, /t-butylcnes 
yield ^ec.-butyl alcohol, and i.s'obutylenc the 
-compound. Oxidation of fiec.-butyl alcohol 
produces methyl ethyl ketone used in the manu- 
faoturo of lacquer thinners, and as a solvent for 
vinyl resins and the dewaxing of lubric'ating oils. 
Alternatively, butcno-2 adds hypochlorous acid 
to form 2-chlorobutan-3-ol, whi(-h yields methyl 
ethyl ketone by dehydrochlorination. 

By catalytically dehydrogenating /5oj)entane 
and i^opentenes or their mixtures, isoprene is 
produced. Butadiene and isoprene are key 
hydroearl)ons in the manufacture of synthetic 
rubbers. The synthetic rubber produced in 
greatest volume in 1944 was “ ”-aS’ or 

OJtS 1 ) 3 '^ the co-polymerisation of butadiene and 
styrene; this lasing the rubber used in the 
manufacture of pneumatic tyres. The United 
States production of synthetic rubber w^as 
750,000 tons in 1944, and at the end of the year 
the industr 3 ^ was geared to an annual production 
of 900,000 long tons.i®^ 

Butyl rubber is made 1)3^ the polymerisation 
of isobutylene and small perctentages of buta- 
adiene or isoprene. “ Vislanex ” is a high 
molecular-weight polymer of isobutylene. 

“ Buna ’’-A" rubber is jnoduced from butadiene 
and acrylonitrile. “ Thiokol ” rubbers ai’e made 
from ethylene dicljloride and sodium tetra- 
sulphide. “ Neoprene ” rubbers are polymers 
of chloroprcne. The man 3 ^ varieties of S 3 'nthetic 
rubbers include products adaptable to uses to 
which the natural rubber is unsuited, par¬ 
ticularly in regard to resistance to air oxidation, 
contact w'ith oils, and resistance to chemicals. 
Tabic LXXI lists the starting materials and the 
formulas and names of synthetic rubbers pro¬ 
duced from tbem.^®^ 

Table LXXIJ, which lists a number of pro¬ 
ducts being made from petroleum hydrocarbons, 
indicates the extent of the chemi(‘al industry 
w^hich is based on While the volume pro¬ 

duction of chemical derivatives is less than 1% 
(1945), it shows every indication of rapid growth. 
The aromatic hydrocarbons in coal tar have l)een 
starting materials for half a million chemical 
compounds, and it is notmnlikely that petroleum 
will eventually yield twice as many. 

Medicinal Oils. 

By exhaustive acid treatment and finishing of 
what are essentially the lubricant fractions (jf 
petroleums, highly refined products known as 
White oils are produced.^®® These oils are made 
by treating lubricating fractions with fuming 
sulphuric acid in amounts as great as 50% by 
volume of the oil, and treatment may be con¬ 
tinued until from 25 to 50% of the more reactive 
and unstable components are removed. Pre¬ 
liminary treatments to remove the more re¬ 
active components of the oils are practised, and 
the treatment with fuming acid is followed by 
complete neutralisation with sodium hydroxide 
or lime, and percolation through fuller’s earth. 

Wliite oils consist predominantly of cyclo- ^ 
paraffin hydrocarbons with minor amounts of 
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Table LXXI.— Structlrai- BelationsJamono Monomers and 1’olymers. 


MonoiiuTH. 

JbLsic iTonriing t^roujis ol'jjolymers. 

iNatujc of jirodijct. 

iHopn’iir 





CH, 

1 

r 

r ] 


Natural rubber or 



caoutchouc. 

CH: C d-CH. 

L - CH, -CH 

-C -CH2- Jfi 



liutaditMif' 

CH, CH CH CH2 

- CH, CH 

CH - CH, 1 


“ livna ”-5H and 

11 a (dcnnaii); 


L 



no IT.s. itroduc- 
tion. 

J5nta<licuc } hI.vivik' 

r CH, CH 

CH CH2-CH CH,- 


" Jiuna "-S, 

CH> CH CH CH, i r 1 CH CH, 


1 


“ Buna ”-,SS. 

v' 

L 

A ■ 





V 



Butudieiio ( ncrylunitrilo 

CH2- CH - CH -CH^ ( CH, CH 

f -CH2 CH. 

CH—CH2- CH-CH, 

1 


“ Buna ”-iV, “ /V/ - 

“1 



hunan” “ Uy- 

CN 

1 

CN 

In 

car "‘OR* 





" Chemujum” * 

Jbitadionr t /ifobiityJono 





CH., 

- 

CH., 


“ Jiutyl ” rubber.* 

CH, CH -CH -CH, ! C - CH, 

- CH2 CH - 

CH-CH2 C- CH, - 



1 

CH., 


(in, J 

n 


^-Cliloroprcno 





Cl 

r ? 

1 


“ Neoprene." 

CH,-c!: -CH CH., 

L—CH, c- CH- CH,- -Jw 



Vinyl cldorido 

CH2-CH 

r CH,—CH - 

1 


" Koroseal" 

1 

I 



“ Flame.no} " 

Cl 

L Cl 

Jw 


“ Vinylite "-Q. 

u-oButylPiu' 

CH3 

f 1 



“ Vixtan^x." 

C-^CH, 

_-.C-.-CH2— 




1 

CHj 

- CH3 

n 



Diohloroetliyl etlicr f sodium totrasulpliidi' 
CICH 2 - CH, 0— CH 2 CH 2 CI 1 Na,S 4 

r CH,—CH,- 

~ 0 —CH, - CH, -S—S—■ 

1 

“ T}noko} "-B. 



11 II 




L 

s s . 

in 


P. V. A. + imtyraldehyde 





r^CH,—CH -CH2-CH--T 

r—CH2-CH— 

CH2 - CH—1 


" Rutacite" 

1 1 +C,H7CH0 

1 

1 


“ Butvar." 

L OH OH in 

L 0 

0 in 


“ Vinyllte"-X. 



C 



• 


C 3 H 7 




* Identity not disclosed by the mamifacturer but reported to be of the typip indicated. 


paraffins. They are odourless and free from 
objectionable taste, stable to hot 95% sulphuric 
acid, and do not acquire colour on exposure to 
air and sunlight. A well-prepared white oil 
should show little colour change in six weeks’ 
exposure to sunlight at ordinary temperature. 
Under air exposure at 100°c. (212 "f.), a good oil 
will not show rancidity in 16 hours. They vary 
in viscosity from about 50 to 350 Saybolt seconds 
at 38°o. (100°F.), and even those containing more 
paraffin hydrocarbons seldom have pour-points 
above 0°c. (32 '^f.). 

Such oils are used largely for medicinal or 
pharmaceutical purposes. They have purgative 
action and are used in salves, skin creams, oint¬ 


ments, nasal drops, and throat sprays. They are 
also used by bakers and candymakers in lubri¬ 
cating and greasing equipment, and in packing 
fruit and preserving eggs. 

Mahogany and Green Acids. 

Another class of special petroleum products 
are the prepared oil-soluble sulphonic acids 
which are known as mahogany acids or green 
acids.These are made by treating white oils 
with sulphuric acid. The mahogany acids arc 
extracted from the treated oils with alcohol, 
neutralised with alkali, and used most commonly 
as alkali metal soaps. They may be further 
purified by solution in organic solvents, settling 






T’ETROLEUM. 


399 


Table LXXIf.—P roduc’.ts from }^etiu»leum. 

Frnciionation. 

M(‘ilinn(>, Ktliniu', Propaiu*, liiiliiiics, IViit.iiics, Jlrxiuns. lO-ptain s, (h laiics. 


Dehydrogeriat ion. 

irydropjen, Acetylene, Athene, lYopenc, lintcnfH, Jtutadieiic, JVntonos, [,so{)r(‘ii<i, Poiitadir'iics, Hexenes, 
JiejjteiK'H, Oeleries, Ji(‘ii/,ene, I'ohicne, Styrene. 


M(‘thyl eliloride. 

Methyl hroinide. 

Met hyl iodide. 

Methylene dichlorid('. 
('hloiol’onn. 

LJarbon tel iiiehloride. 
Hiehloroditliioroniethano 
(“ Freon "). 


d'etraethyl-lead. 

Kthyl mercaptan. 

Snlphonal. 

j^thylcelluIoHe, 

Ethylla'iizene. 

Dieihylaniline. 


] I alo(je tuition. 


Ktliyl eliloride. 

Ethyl bromide. 

Ethyl iodide', 
d'richloroethane. 

P enta el 1 1 (> j'oe t h a n (\ 

11 exa e 1 iloroet 1 nu H ‘. 
Ethylenc! eliloride. 
'retraeliloroethylenc. 
I'ithylene ciilorohydrln. 


Diehloropropane. 

'r ri eliloropropa n e. 
Propylene die.hloride 
miPropyl chloride, 
uoPropyl iodide*. 
i«oL*ro])yl bromide. 
Allyl chloride. 


Derivatives of JJalogenated Products. 


Vinyl chloride. 
Jithylene glycol. 

Die I iloroethyl ether. 
Di<ixan. 

Diglycol. 

Dietliylene glycol, 
d'riethylene glycol 
Succinic acid. 
Ethylene oxide. 
Mouocthaiiolamine. 
Diethanolamine. 
'J'riethanolarninc. 

“ Thiokot ” (rubber). 


eye/oPropane (ana-sthetie), 
Propylene oxide. 
Propylene glycol. 
?/}oProi)vl alcohol. 

Allyl alcohol. 

Diallyl ether. 

Methyl vinyl carbinol, 
Suljihur dioxide resins. 
icSoProjiyl ether, 
isopropyl acetate. 
i6'oPropylbenzen(^ 
(cLiinene). 


('hlorobiitiun*. 

Putylene dichloride. 

'i«oButylene dichloride*. 
iiiityleiK* ehlorohydrin. 
Methallyl chloridt*. 
Butyl halides. 

Pentyl halides. 


Jiutadiene. 

Biit.vlcne glycol. 
tert.-hutyl alcohol. 
Methylgiy(!erol. 
Methyl methacrylate 
resins (“ J/ueite ’*). 
Butylamine.s. 
Amyluinines, 
Hexylamines, 
Aminobutaiiol. 


Is’itroiuf'thane. 


Nitration Products. 

Nitroethane. l-Nitroiiropane. 

2-Isitropropane-. 


1-Nitrobutane. 

2'ISIitrobutune. 


'J'rl(liydroxymethyl) 

nitromethane. 

'rri(hydro.xymethyl)- 

aminomethane. 

1 -Chlor( e 1 -nitroethane. 

1:1 - Dichloro -1 -nitro- 
c thane. 

Monoethylaminc, 

Diethylamine. 

Triethylamine. 

Diethylaminocthanol. 


Derivatives of Nitration Products. 


Phenyldiethanolamine. 

Propylamines (rubber accelerators). 

1 -EhIoro-1 -nitropropane. 

2-(ihlor()-2-nitropropane. 

Xitrohydroxypropanes (synthesis of 
high explosives). 

Aminohydroxypropancs (emulsifying 
agents), 

Cliloronitropropancs (Insecticide's). 

Hydroxylainine salts (notation 
reagents). 

Chloronitroalcohols. 

Acrylonitrile. 


2-Nitro-l-butanol. 
2-Nitro-2-inethyl-l -i)ropanol, 
2-Nitro-2-methyl-l::i-propanediol. 
2-Amino-2-methyl-l-propanol. 
2-Amino-2-(*thyl-l;<i-propan('diol. 


Alcohols, Ethers, Ketones, Acids, Esters, Aldehydes, Chlorohydrins. 


Methyl alcohol. 
Formic acid. 

Methyl esters. 
Formaldehydi*. 
Methyl ether. 

Methyl vinyl carbinol. 


Ethyl alcohol. 
Acetic acid. 
Acetone. 
Acetaldehyde. 
Diethyl ether. 
Etliyl esters. 
Metallic cthoxidt's. 
^-Phenyletiuinol. 
Dietiiyl carbinol. 


n-Propyl alcoliol. 
isoProi)yl alcoliol, 
lA'oPropyl ether. 
Projiionic acids. 

Proi>yl esters. 

Projiyl etliers. 
Propionaldehyde. 

Prop^•I ketones. 

Clyccrol. 

Glyceryl chlorohyilrin. 
Glyceryl diclilorohydrin. 


n-Butyl alcohol, 
teri.-Butyl alcohol. 
ifftc.-Biityl alcohol. 
Butyric acids. 

Butyl esters. 

Butyl ethers. 
Butaldehydes. 

Butyl ketones, 
i.voButylene ehlorohydrin, 
Methyl ethyl ketone. 
(Jhloroallyl alcohol.* 
Peutamethylene glycols. 


sec.-Amyl formate. 
Amyl acetate. 
Amyl propionate. 
Amyl butyrate. 
Amyl ether. 
Amylphenol. 
tert.-Amyl acetate. 
Di acetouealcol lol. 
r«oButylcarbiiiol. 
w-Amyl alcohol. 


Miscellaneom Oxygen and Oilier Compounds. 


.'fcc.-Aniyl alcohol, 
ierL-.Am>’l alcohol. 
Grotonaldchyde. 

Maleic acid, 
sec.-Hexyl alcohol, 
sec.-Hexyl acetates, 
see.-Hexyl butyrates. 
scc.-Hexyl propionates. 
Amyl mcrcaptans. 
Diamyl sulpliide. 
Ainylnaphthalenes. 


Dlamylnaph ilia lone, 

Polyuinylnaphthalene. 

Monoainylbeiizenc. 

Dianiylbcnzene. 

Trlamylbenzene. 

Tetra-amylbenzene. 

2:4-Diamylphenol. 

Dimethyiacetone. 


Parafon n a Id e) »y d e, 
Hexamethylencdiamines. 
Heptyl alcohols. 

Octyl alcohols. 
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or filtering, and bleaching with hydrogen per¬ 
oxide. Oil ia removed from the soap by extrac¬ 
tion of its alcoholic solution with light petroleum. 
The recovered dry material is resinous, orange- 
vellow, and hygroscopic, with a melting-point 
below ()0"c. (140"r.). 

Both the acid and the soaps arc completely 
dispersablo in water. The- principal use of 
mahogany soaps is in textile oils, metal-cutting 
oil emulsions, and catalysts for the hydrolysis of 
fats. 

The so-called green acids are separated from 
the sludge produced in treating white oils by 
diluting with water to a 50% sulphuric acid, in 
which they have a minimum solubility. These 
acids are also us(k1 as such or as alkali metal or 
alkaline earth metal soaps. They are used as 
emulsifiers, wetting agents, pickling inhibitors, 
metal-flo^tion oils, and in dust laying com¬ 
pounds. 

Detergents. 

A nil!n her of detergents are made from 
petroleum, some being analogous to soaps made 
by saponification of mineral and vegetable fats, 
and others by new types of reactions. 

8 oap substitutes wore made in (Tcrmany by 
the action of sodium hydroxide on acids made by 
oxidising petroleum fractions. In Russia, soaps 
are made by alkaline treatment of naphthenic 
acids present in petroleum oils. In other jiro- 
oesscs, mineral and vegetable fats are saponified 
with amines from the reduction of nitroparaffins. 
In still other processes, alkali metal hydroxides 
are treated with benzene sulphonic acids in which 
the benzene ring contains alkyl substituent 
groups having from 10 to 12 carbon atoms. 

Insulating Oils« 

Petroleum provides a source of neutral in¬ 
sulating oils for electrical transformers and 
switches.Highly purified dry oils of the con¬ 
sistency of light lubricants have dielectric 
strength and breakdown voltages as high as 70 
kilovolts -in standard test apparatus. Trans¬ 
former oils act not only as insulating media, but 
as means of conducting heat away and pre¬ 
venting overheating of transformers. They are 
necessarily neutral, non-corrosive, and free from 
sulphur. The flash point is usually high enough 
to prevent fires from accidental electrical sparks, 
and the oils are resistant to oxidation in contact 
with air at temperatures encountered in the 
transformers. Similar types of oils are used in 
impregnating paper used in electric cables.^*^ 
A common impregnating material is a blend of 
mineral oil and rosin, while others contain oil 
and petrolatum. 

Insecticides and Fungicides (v. this VoL, 
p. 301). 

Petroleum fractions are used as vehicles in 
insecticides and fungicides. Kerosenes were 
first used and, later, emulsions of oils of higher 
boiling range in the lubricating class, since it 
has b^n found that less damage to plants occurs 
with the higher viscosity oils. The oils are fre¬ 
quently in combination with nicotine, pyre- 
thrum, derris, or lead arsenate. A 2% solution 
of D.D.T. (aa-di-(p-chlorophenyl)-/9j3j8-trichloro- 


othano) in kerosene has proved effective against 
flics, mosquitoes, and lice, and in the control of 
plant pests. Kerosene emulsions are also used 
to kill soil insects. 

Experience indicates that paraffins and 
naphthenes have little or no adverse effects on 
plants, and that aromatic and olefinic consti- 
tuent.s are actively toxic to pi^sts but damage the 
plant. The properties of oil vehicles which arc 
best for tree and plant spraying are different in 
summer.and winter. The rocomnicndcd specifi¬ 
cation for an oil vehicle for siimmex use is shown 
in Table LXXIII, whilst a suggested specifi¬ 
cation for a winter insecticidal oil vehicle is given 
in Tal)lo LXXIV. 

Table LXXllI. 

Sp.RT. at la-iVc. . . ()-8r)-0 02. 

Bolling above 3U()''c. (r)72'"r.) Not loss than 
lioiling below 330°o. (()2G®K.) Not loss tluin 10%. 

Boiling between 340" and 
365"0. (C44® and 0K9 "f.) . Not loss than 50 
V'iscosity, lledwood No, 1 at 
21"(\ (70"F.) .... 75-d 50 soconds. 

Viscosity, Saybolt Univorsul 
at 38"0. (I00"r.) . . .00 115 soconds. 

Table LXXIV. 

Sp.gr. at 15-5V. (OO'F.) . . 0‘8r)-0 ‘)2. 

Boiling above 3ir>"(J. (509'F.) At least 90"o. 

Boiling above 350 ('. (0G2 "f.) At least 50'\,. 

Boiling above 38{)"e. (716 "f.) At least 20“u. 

Viscosity, liedwoo(i No. 1 , Between 125-500 soconds 

at 2r('. (70"F.). 

The use of oil sprays to kill the larva? of 
mosquitoes in stagnant ])ools is w^ell established, 
and oil sprays arc used to prevent insect attacks 
in stored goods. They arc also used to spray 
livestock. 

Many unsaturated hydrocarbon gases are 
used effectively in stimulating plant growth and 
the ripening of fruit.Ethylene gas is used as 
a ripenor for oranges and as an anaesthetic. 
Both ethylene and propylene are used to stimu¬ 
late the growth of potatoes by treating the 
seedlings. Butylene gas accelerates the growth 
of apple, apricot, pear, cherry, plum, peach, and 
walnut trees. Acetylene has been successfully 
employed to accelerate the ripening of and 
grow'th of pineapples. 

TESTING AND ANALYSIS OF 
PETROLEUM AND ITS PRODUCTS. 

The complex chemical character of petroleum 
and its refined products and their widely varying 
physical properties require many diverse types 
of chemical analyses and physical measurements 
for their complete determination. The litera¬ 
ture on these topics is so extensive that even an 
approach to a comprehensive recitation is 
beyond the scope of the present general account. 
Analytical and test methoda have been worked 
out and standardised by committees of experts 
in the American Society for Testing Materials 
(U.S.A.), and in the Institute of Petroleum 
Technologists (Great Britain). These methods 
are described in detail in “ Standards on 
Petroleum Products and Lubrica-nts,” prepared 
by A.S.T.M. Committee D~2, issued annually, 
and “ Standard Methods for Testing Petroleum 
and Its Products,” published by the Institute of 
Petroleum. In addition to these publications 
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the C. J. Tagliabuo Manufacturing Company, 
makers of petroleum testing instruments, pub¬ 
lish a “ Manual for Inspectors of Petroleum,” 
which describes the more common physical and 
chemical tests and analyses, and is useful as a 
guide for petroleum inspectors. The United 
States Federal Stock Catalog also contains 
details of test methods and specifications for 
petroleum products. Other manuals are avail¬ 
able which are published by companies engaged 
in the petroleum industry, ii’.g., Universal Oil 
Products Company publishes “ Laboratory Test 
Methods for Petroleum and Its Products,” 
which contains the more common and many 
special analytical and test methods, in addition 
to those in the publications of governmental and 
technical societies. 

To estimate the commercial value of crude oils 
and their refined products and to check quality 
during refining and other operations, reliance is 
placed principally on rapid determination of 
physical properties, such as specific gravity or 
corresponding values on empirical scales, 
volatility by determination of boiling-point 
range and vapour pressure, colour by trans¬ 
mitted and reflected light, and combustion 
properties indicated by flash and fire points, 
spontaneous ignition temperatures, anti-knock 
ratings, etc. Relative consistency tests for 
viscosity, plasticity^ and resistance to flow are 
applied to heavy liquid and semi-solid products, 
such as lubricating oils, greases, residual fuel oils, 
and asphalts. 

The specific gravities of liquid petroleums and 
their fractions are most frequently determined 
by hydrometers at room temperature and cor¬ 
rected to 60 °f. (15*5°c.). Specific gravities are 
referred to water at the same temperature. 
Gravity values for solid and semi-solid products 
such as waxes, petrolatums, and asphalts are 
determined in pyknomoters. The coofiieicnts of 
expansion of petroleum products vary with their 
composition and boiling range, and with tem¬ 
perature, so that gravity correction factors 
should be used with caution. 

Laboratory evaluations of combustion proper¬ 
ties of fuels and illuminants are in current 
practice. The suitability of motor gasoline, 
aviation fuel, tractor fuel, and diesel fuel is 
determined directly in small engines rather than 
estimated from their physical and chemical 
properties, which do not always enable correct 
judgment of their relative fuel values. Deter¬ 
minations of flash and fire points of kerosenes 
are made in the interest of safety, and they arc 
burned in standard tost lamps to obtain infor¬ 
mation as to their actual illuminating value, 
their smoking tendencies, and their effects on 
wicks and chimneys. 

In comparing the consistencies of heavier 
products, determinations are made of relative 
viscosity, melting, softening, and freezing 
temperatures, ductility and resistance to flow. 
In the majority of instruments employed for 
determining viscosity, the oil flows through a 
standard capillary tube or orifice under a gravity 
head, and arbitrary unit values are recorded 
which are converted to absolute or kinematic 
viscosity. Special methods are employed for 
estimating the relative oiliness of lubricants on 
Yol. IX .--26 


the one hand and the relative binding properties 
or adhesiveness of tars and asphalts on the other. 

Colours are determined by comparing with 
standard glasses and solutions. Refractive 
indices and Raman, JC-ray, infra-red, and ultra¬ 
violet spectra furnish valuable data. The mass 
spectrometer is employed as an adjunct in the 
analysis of hydrocarbon gas mixtures. 

Inorganic matter, including mineral particles 
and water, are determined by distillation of the 
water, and centrifuging out water and solid 
mineral particles after dilution of oils with 
organic solvents. Paraffin wax is also deter- 
mmed by dilution with appropriate solvents and 
cooling, filtering, and weighing the separated 
wax crystals. The relative solubility of re- 
siduums and asphalts in organic solvents such 
as carbon disulphide, carbon tetrachloride, and 
light paraffin naphthas give indicatiqps of the 
source and quality of such products. 

Mi8c*ellaneou8 tests include determination of 
mercaptan and total sulphur, existent and 
potential gum in gasoline, corrosive properties 
(usually with copper), total halogens, acidity 
and alkalinity, oxidation and light stabilities, 
saponification values, bromine numbers, ulti¬ 
mate analyses for carbon, hydrogen, oxygen, 
nitrogen, and sulphur, and percentages of the 
main hydrocarbon groups, paraffins, olefins, 
naphthenes, and aromatics. The last-named 
analysis is difficult on account of the extremely 
large number and variable chemical constitution 
of the hydrocarbon mixtures constituting 
petroleum fractions, and reports of such deter¬ 
minations should be taken with some reserve. 
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PETROLEUM WAXES (INCLUDING 
PARAFFIN WAX). There are no generally 
accepted definitions applying to the hydrocarbon 
waxes derived from petroleum and related 
mineral oils. The definitions given below, 
which are based on those proposed by Sub- 
Committee No. 8 of the Standardisation Com¬ 
mittee of the Institute of Petroleum, should be 
regarded as tentative.^ 

Petroleum Waxes,” a term covering the 
wax-like materials derived from petroleum and 
related mineral oils (e.g., shale oil), are com¬ 
prised essentially of normal and branched-chain 
paraffins and solid hydrocarbons of other 
saturated series. 

Petroleufn waxes generally contain oil as an 
impurity, although, if the oil content is high, th« 
mixture is designated by another term such as 
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“ Wax Distillate,” ” Slope Wax,” “ Paraffin 
Scale,” “ Petrolatum,” ” Petroleum Jelly,” etc. 
{v. infra). The molecular weights of petroleum 
waxes vary from about 226 to 1,000 and their 
setting points (v. infra) from about 16°c. to 105°c. 
Their consistency may be soft, semi-plastic, or 
hard, and the relative size of the crystals may 
vary widely. Their colour varies from almost 
bla(‘k (very dark brown) to white. 

” Petroleum Wax ” is therefore a term cover¬ 
ing all wax-like materials from petroleum and 
related mineral oils. It may be considered as a 
general definition covering three sub-groups of 
hydrocarbon waxes. 

Paraffin Wax Group. 

This group is obtained from an oily distillate 
from certain crude oils and shale oils, etc. which 
consists essentially of wax in association with 
lubricating oil base and the mixture is usually 
termed “ Wax Distillate.” The wax content of 
such a distillate varies according to the origin 
of, and the placement of the cut in, the crude 
oil. “ Wax Distillates ” may vary in wax con 
tent from under 1% to over 40%. (For methods 
of wax recovery, v. infra.) 

The essential difference between waxes of this 
and the other two groups described below is that 
the paraffin wax group is comprised of waxes 
that have been distilled from a crude oil. 
When fully refined, they have a very low oil 
content {ca. 0*3% or under) and a relatively 
pronounced crystallinity. They are white, and 
exhibit varying degrees of translucency depend¬ 
ing on the setting point and source; the best 
examples are tasteless and odourless. They 
consist in the main of complex mixtures of the 
solid normal paraffins {v.infra). The molecular 
weights of paraffin waxes range from about 225 
to 450, and their setting points from 30° to 70°c. 

Semi-refined paraffin is also produced and is 
termed ” Scale-wax ” or ” White Scale.” Its 
main difference from paraffin wax is its higher 
oil content, which varies from 1-5%. It is 
usually less translucent in appearance, may be 
slightly more yellow in colour, and have a 
slightly more pronounced oily odour. 

Petrolatum Waxes and Petroleum Ceresins {Micro¬ 
crystalline and Amorphous Waxes). 

The two remaining groups are frequently 
referred to by the general term “ microcrystal¬ 
line ” (or amorphous) waxes. They are obtained 
from the distillation residues from some crude 
oils and therefore have a relatively high mole¬ 
cular weight (over 460). 

They differ markedly in properties from 
paraffin Wax, one of the most important differ¬ 
ences being their very much finer crystallinity. 
Strictly speaking, they cannot be regarded as 
amorphous, as they aU appear to exhibit some 
degree of crystallinity, but they ore not micro¬ 
crystalline, if by that term is implied any 
definite crystalline form. The complexity of the 
mixture appears to prevent the development of 
any well-defined crystal masses. Such waxes 
exhibit a very wide range of properties; c.g,, 
from soft and highly plastic to hard. It appears 


as if the softer waxes are mainly comprised of 
solid saturated hydrocarbons other than n- 
paraffins, and the harder ones mainly of n- 
paraffiiis. For this reason the definitions sug¬ 
gested ^ recommend that waxes obtained from 
distillation residues from crude oils bo sub¬ 
divided into two groups : the first to be known 
as ” Petrolatum Waxes ” which refers to the 
softer waxes containing mainly hydrocarbon 
waxes other than /i-paraffins, and the second, 
the harder, to be known as ‘‘ Petroleum Ceresin 
Group ” comprised mainly of hydrocarbons of 
the 7i-paraffin series. 

In practice, waxes from distillation residues 
from crude oils are rarely definitely “ Petrola¬ 
tum Waxes,” or ” Petroleum Ceresins ” but vary 
towards one limit or the other depending on the 
crude oil and the method of preparation. This, 
of course, is only to be expected, since different 
crude oils vary in the relative quantities of 
normal and other saturated solid hydrocarbons, 
and no commercial method of production is yet 
available which effects a complete separation of 
such solid hydrocarbons. 

(i) Petrolatum Waxes .—These are waxes of 
fine crystalline structure, which vary in con¬ 
sistency from salve-like to plastic. They vary 
in colour from dark brown to white, the white 
examples often exhibiting some degree of trans¬ 
lucency. The molecular weight is usually over 
450, and the setting points, which in many cases 
are very ill-defined, range from about 35° to 
85°c. They contain considerable quantities of 
saturated hydrocarbons other than n-paraffins. 

Certain petrolatum waxes produce petroleum 
jellies in admixture with substantial quantities 
of a suitable mineral oil. 

(ii) Petroleum Ceresins .—These are also waxes 
of fine crystalline structure, which vary in colour 
from dark brown to white. Unlike the petrolatum 
waxes, they are hard and brittle, and this con¬ 
stitutes the main difference between these two 
groups. Petroleum ceresins have molecular 
weights ranging from about 450 to 1,000 and 
setting points from 70 to 105°o. Their composi¬ 
tion is at present somewhat obscure, but they 
appear to be comprised in the main of relatively 
high molecular weight n-paraffins, or paraffins 
with only a moderate degree of chain branching. 

Methods of Pboduction of Petroleum 
Waxes. 

The production of petroleum waxes from 
crude oil is essentially a matter of purification. 
Relatively large quantities of oil have to be 
removed from the crude wax stocky, and often 
also quantities of resinous and asphaltic 
materials. Further, many refined waxes are 
comprised of intentionally restricted ranges of 
solid hydrocarbon constituents, because such are 
better adapted to most applications. 

A. Paraffin Wax Group. 

As already indicated above, paraffin wax in 
association with lubricating oil base is present 
in the oily distillate obtained from some crude 
oils. This distUlate is obtained under vacuum 
and often in the presence of steam. Its boiling 
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range varies confiiderably, depending on the 
crude oil, but may be roughly taken as from 
300-500°c. at ordinary pressure. Wax distillates 
may contain up to about 40-50% of wax depend¬ 
ing on the source of the Crude Oil. For example, 
crude oils from S.E. Asia may give wax distil¬ 
late containing 40% of wax, whereas certain 
European and American crude oils may yield 
wax distillates containing well under 10% of 
wax. 

Only two of the more usual methods of pro¬ 
duction will be described. 

(i) Pressing and Sweating^’ 

The pressing and sweating sequence of opera¬ 
tions is conducted as follows. 

The wax distillate is first chilled to the 
required pressing temperature and then pumped 
to filter presses. The wax, in admixture with a 
certain amount of oil, is retained between the 
filter blankets, and the oil drains off as filtrate. 
The presses vary in design, but may be of the 
4 ft. diameter plate type, consisting of, say, 600 
plates per press. Design of the plates, spacing 
of the plates, and weave and treatment of the 
cloths, vary considerably. Pressures imposed 
also vary, the maximum being in tlie neighbour¬ 
hood of 500 lb. per sq. in. 

If the wax content of the wax distillate is low, 
one pressing operation at a suitable sub-atmo¬ 
spheric temperature may sufiiije to remove all 
the marketable wax, but where the wax distillate 
contains large quantities of wax, a scries of 
pressing operations is often desirable. h\>r 
example, the wax distillate is chilled to the first 
pressing temperatiire, and the filtrate oil chilled 
to the next, and so on, until the requisite wax 
removal has been effected. In this instance, the 
operation amounts to a series of crystallisations 
conducted at descending temperatures with the 
oil as solvent. In this manner a segregation of 
wax according to solubility (and therefore setting 
point) may b^e realised in the pressing opera¬ 
tion. 

Since the press cakes are not washed, they 
contain oil, which varies from about 7 to 40% 
depending on the crude oil, the wax content of 
the wax distillate cut, and the temperature at 
which the wax distillate is pressed. These 
crude wax cakes are known as “ slack wax or 
“ cnide scale.” 

The slack wax is further purified by a process 
known as sweating which, essentially, is partial 
melting. It aims at effecting two separations at 
the same time; 

(a) The removal of oil to a final wax product 
containing under 0*3% of oil; 

(h) Segregation of the wax into ranges of 
setting point. 

Many different typos of sweater are employed 
of widely varying design ranging from relatively 
large buildings housing banks of shallow trays 
(to hold the slack wax undergoing sweating) to 
tanks heated by closely spaced vertical tubes. 
In all oases the principle is the same, namely, 
the slack wax is charged in the molten condition 
to the trays or ta^s - and then coaled and 


solidified to the required initial sweating tem¬ 
perature. Any. liquid is then allowed to drain 
from the slack-wax mass. These drainings are 
termed “ sweats ” or “ foots oil.” The tempera¬ 
ture of the sweater is then raised (by the circula¬ 
tion of warm air or water, or both) so that sweats 
flow continuously from the sweating mass. It 
is usually the custom to keep the sweating rate 
reasonably constant, and this may vary from 
1 to 5% of the charge per hour. This is realised 
by gradually raising the temperature of the 
sweater either continuously or in a series of 
small temperature intervals. As the operation 
proceeds, the oil content of the “ sweats ” falls 
until a residue is left of much lower oil content 
than the charge. The residue is melted out, and 
if necessary re-sweated. Intermediate cuts are 
also re-sweated (recycled) until, finally, two 
products remain : (a) the residue wax of the 
desired oil content which requires a finishing 
treatment, and (6) the combined foots oil which 
may contain up to 70% of oil. 

Sweating schemes may become most complex 
in an endeavour to recover all marketable wax.®** 

A simple sweating scheme would be: 


Slack wax 

I 

Sweaters -1 


I 

Sweats or 
“ foots 
oil" 
40% of 
(riiarKc 
45% oil. 


I 

Residue 

of 

charge' 

1% of oil. 

I 

-Re-sweated. 


I 

1 st cut 
- of 
charge. 


I 

2nd cut 
40% of 
-charge. 


I 

Residue 
40% of 
charge 
under 
0-5% oil. 


Sweating, as normally practised, is discon¬ 
tinuous and is a slow^ operation, much time 
being involved in charging, cooling, and melting 
out, apart from the actual sweating. A quick 
sweating, say on a 40-50 ton charge, rarely takes 
less than 24 hours, but a more usual period is 
from 30 to 96 hours or more. It is, however, 
reasonably cheap, and the equipment is simple, 
no special solvents being required. 

The actual mechanism by which sweating 
accomplishes de-oiling may be conceived some¬ 
what as follows. The waxes of lowest sotting 
point liquefy first within the interstices of the 
mass of slack wax, thereby diluting the oil which 
is held on the crystal surfaces. When the inter¬ 
stices are full, oily liquid (sweats) is ejected from 
the mass. This proceeds as sweating continues, 
thereby accomplishing a continuous washing 
operation within the sweating mass, where the 
solvent is the low setting-point portion of the 
wax, or, 

dti>/d«=tc/L 

where dw/ds is the concentration of oil in sweats 
at any stage of the operation, w is the weight of 
oil in the sweating ma«s, and L is the weight of, 
liquid. 
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An example of the (ie«oiling achieved by 
sweating is shown in Table I below. 

Table I.— Sweating of Slack Wax. 


Oil content, 17-5%; setting point, 41*9"c. 
Sweated into 10% fractions by volume. 


Fraction. 

Setting point, °c. 

% oil ]>y weight. 

1 

330 

51-2 

2 

381 

32-8 

3 

38-7 

28-5 

4 

40-7 

2M 

5 

42-5 

13-6 

6 

44-2 

6^51 

7 

45*3 

2-78 

8 

46-0 

0-97 

9 

46-5 

0-42 

10 

47-0 

015 


(ii) Solvent De-oiling. 

In essence, a solvent method of separating 
wax from oil consists in the crystallisation of the 
wax distillate from a suitable solvent, and wash¬ 
ing the wax cake as free as possible from oily 
liquor with further quantities of solvent. The 
wax cake may be recrystalliscd with solvent and 
reprocessed if necessary. 

In practice, this requires the employment of a 
solvent which is as selective as possible between 
wax and oil, and that can be recovered and 
recycled at an economic cost. Special appliances 
also are required to enable the separation of the 
components, and the recovery of the solvent to 
be effected with the greatest economy. 

A mixed solvent is much favoured at present. 
This consists of methyl ethyl ketone and ben¬ 
zene. The ratio of the hydrocarbon to the 
ketone may run as high as 10 to 1, and a mixture 
of benzene-toluene may be employed. The 
reason for the selection of the ketone is mainly 
on account of its solvent power on the oil com¬ 
bined with a low solubility of wax at low tem¬ 
peratures. But most oils associated with wax 
in wax distillate cuts are not completely soluble 
in the ketone and, for this reason, benzene or 
benzene-toluene is added. Other ketones have 
also been employed, e.g., acetone and methyl 
propyl ketone. 

Ethylene dichloride is also employed and also 
methylene-ethylene chloride mixture. 

The method of conducting the separation 
varies widely. Thus, the solvent may be added 
to the molten wax distillate and the mixture 
either slowly or shock chilled. The wax distil¬ 
late may be partially chilled imtil wax starts to 
separate, and then the solvent added and cooling 
continued to the desired point. In all cases, of 
course, the chilling of the mixture is carried 
down to the temperature necessary to give a 
solvent-free residue of the desired set point. 
The mixture is filtered at this temperature on a 
continuous rotary filter, washed, and the wax 
cake with the remaining solvent removed. The 
washed wax-cake plus solvent is usually “ re- 
pulped *’ at the same temperature with solvent 
and again filtered and washed. In certain in¬ 


stances, recrystallisation may bo carried out. 
Various alternatives clearly exist for concur¬ 
rently effecting a solubility separation (and 
therefore a sotting-point separation) of the wax 
constituents, by de-oiling at a series of falling 
temperatures, or by total de-oiling in one stage, 
followed by re-running the de-oiled wax at a 
series of falling temperatures. 

Economies are effected by utilisation of wash 
liquors instead of fresh solvent at suitable points 
in the process, by effecting as complete recovery 
as possible of the solvent (less than 0*04% loss 
on solvent turnover is claimed), and by taking 
advantage of heat exchangers wherever possible. 

Finishing Treatment of Paraffin Waxes. 

The refined paraffin waxes obtained from the 
processes outlined above are substantially oil- 
free {i.e.f should contain less than 0-3%), but 
they are generally very slightly yellowish. Pro¬ 
ducts from pressing and sweating may also have 
a slight odour. They are therefore given a 
finishing treatment to remove residual colour 
and odour. Percolation througli, or agitation 
with, an adsorptive earth may be employed (i.e., 
special grades of Fullers’ earth and bauxite); 
sulphuric acid treatment, followed by neutrali¬ 
sation, is also practised. The finished wax 
should be colourless and odourless, and not show 
a tendency to become yellow or dark in storage 
or when exposed to light. 

Finally the waxes arc slabbed by casting in 
open pans, or more usually, shock chilled in 
water-cooled press moulds. The slabbed wax, 
which may then bo cotton covered, is placed in 
good quality gunny or hessian bags. 

The setting-point grades normally available 
in Great Britain arc 106-108°f., 110-112°f., 
112-115‘^f., 118-120‘’f., 122-125°f., 125-130®f., 
130~-135'’f., 135-]40®f., 140~14r)°r., 145-150 °f., 
and occasionally higher up to 160°f. In general 
the price rises with the setting point. 

“ White Scale ” or “ Scale Wax ” is also 
normally available. It is slightly less refined 
{vide supra) containing somewhat more oil (up 
to 5% but usually from 1 to 2%) and being often 
of a slightly yellow colour. It may be sold 
slabbed or as pressed flakes in wooden drums, 
and is cheaper than paraffin wax. 

B. Petrolatum Waxes and Petroleum 

Ceresins (Microcrystalline and Amor¬ 
phous Wanes). 

As has been stated above, petrolatum waxes 
and petroleum ceresins are usually obtained 
from distillation residues of some crude oils. 
Such residues are a highly complex mixture 
of high molecular-weight hydrocarbons. For 
example, a wax-bearing residue will probably be 
a mixture of asphaltic materials, petroleum 
resins, high molecular-weight oils and waxes, 
which latter will range in setting point from 
about 35® to 100°o. Resolution of such re^dua 
into their commercially valuable constituents is 
considerably more complicated than the resolu¬ 
tion of a wax distillate, and the residue from a 
given crude oil represents a special problem, 
generally requiring a special study on its own. 
The wax contents also vary considerably for 
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different residues (from nil to 40% or over). 
Some residues may contain waxes mainly of the 
petrolatum wax type and other waxes mainly 
of the petroleum ceresin type ; thus, no reliable 
generalisations are possible. 

One method that may be applied to many such 
residua (with suitable modification to suit the 
special properties of each) is first to de-asphaltise 
and de-resinify the residue with liquid propane, 
and then to extract the treated residue with a 
suitable solvent (e.j/., phenol). The refined 
residue, which will now consist essentially of a 
mixture of heavy oil and wax, is treated by the 
solvent de-waxing or de-oiling process described 
above. The crude wax cakes are then re-run if 
further purification is desired. 

"Idle waxes obtained are quite different from 
ordinary paraffin wax {v. supra). They are not 
so readily obtained as white products, due to the 
cost of removing last traces of colour. An 
interesting difference between petrolatum waxes 
and petroleum cercsins on the one hand and 
paraffin wax on the other, is that the latter are 
markedly affected by the presence of relatively 
small quantities of oil; c.f/., 0-75% of oil in a 
refined paraffin wax will have a very adverse 
effect on the mechanical properties and render 
it crumbly, whereas most yietrolatum waxes and 
petroleum ceresins can hold 5% of oil or more 
without any apparent effect. 

Methods of Testing. 

The official methods of testing petroleum 
waxes are laid do^vn in the book of “ Standard 
Methods ” published by the Institute of 
Petroleum and the A.S.T.M. Standards Book. 
Reference to those books should bo made for 
det ails of test. 

For paraffin wax, the following tests are usual: 

(i) Sotting Point: derived from a cooling 

curve—I.P. 55/44. 

(ii) Colour: usually measured by the Lovi- 

bond Tintometer in Great Britain in an 
18-in. cell and with the 510 Yellow series 
and the 200 Red series of glasses (I.P. 
17/46). A properly refined wax should 
have a colour of about 1 Yellow in this 
cell. 

The A.S.T.M. Handbook details a standard 
method of test for Oil Content of Paraffin Wax 
(A.S.T.M. Designation D.721-44). This method 
has not yet been adopted in Gr|p<t Britain. 

One of the difficulties of oil-content determina¬ 
tion is that the extracted oil contains a greater 
or less proportion of wax. Thus, oil extracts 
from wax may exhibit setting or congealing 
points (I.P. 76/44T), of well over 16®o. In this 
writing, oil is taken as the quantity of oil extract 
obtainable of a congealipg point of 13-15°c. 

For petrolatum waxes and petroleum ceresins 
no special standard tests are described except 
the congealing point (I.P. 76/44T). The test 
covers those cases where the setting point is too 
ill-defined by other methods to give any result. 

It will be evident from the above that very 
few stafidard tests are available for petroleum 
waxes. In practice, other tests are frequently 
employed; these will be dealt with where neces¬ 
sary under the heading of “ Properties ” below. 
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Composition of Petroleum Waxes. 

(i) General .—As far as the paraffin wax group 
is concerned, all published work on the sub¬ 
ject is agreed that the components occurring 
in preponderating quantity are the solid mem¬ 
bers of the ?i-paraffin aeries of setting x>oint 
roughly from about 15°c. (say Cjg) to about 
70-76°c. (say C35). This remark is a general one 
and does not necessarily apply to any special 
setting-point grade whore the setting-point range 
is intentionally limited. 

Further, it may be taken as well established 
that petroleum waxes also contain smaller 
amounts of solid members of other series of 
saturated hydrocarbons.®' ® It has not yet 
been established with any certainty what these 
series are, beyond the purely general statement 
that they appear to consist of branched chain 
paraffins, and also of solid saturated cyclic 
hydrocarbons. No individual has been separated 
in sufficient quantity for exact identification. 
The evidence for the presence of these series is 
based on the fact that concentrates that differ 
markedly in physical properties from n-paraffins 
of the same setting point, molecular weight, or 
boiling-point, may be sei)arated from paraffin 
waxes by purification by fractional distillation 
alternated with recrystallisation from suitable 
solvents.®' ® In certain instances, properties of 
such concentrates are best accounted for on the 
supposition that a portion at least is of the solid 
cyclic-paraffin class; such properties include, 
for example, the results of ultimate analysis,’ 
and the observation that such a concentrate may 
have a viscosity substantially higher than a 
w-paraffin of the same molecular weight.® 

Considerable discussion has taken place over 
the crystalline form of paraffin wax, e.g., the 
reason as to why it may crystallise as plates or 
needles. Buchler and Graves ® attributed the 
difference to the presence of an “ impurity ” (the 
concentrate of solid saturated hydrocarbons 
other than w-paraffins) which they termed “ soft 
wax.” The term appears an excellent one, inas¬ 
much as the most obvious difference between this 
concentrate and mixtures of w-paraffins is that 
the former is always very much softer. 

Ferris, Cowles, and Henderson,® by fractional 
distillation and recrystallisation processes, iso¬ 
lated three different types of fractions which 
showed throe different modes of crystallisation. 
Most gave plate-type crystals; another group 
crystallised as needles, and the third assumed 
forms that could not be identified. These were 
termed “ malcrystalline.” 

It was concluded that the plate-type crystals 
represent w-paraffins, and the needle and mal¬ 
crystalline, the “ soft wax ” of Buchler and 
Graves. 

In an interesting more recent paper, Ferris 
and Cowles ® suggest that the n-paraffins crystal¬ 
lise as plates, the cyclic hydrocarbons as needles 
(fractions of lowest setting point) and those of 
intermediate setting point—^possibly branched 
chain paraffins—form mal crystals. If the types 
are mixed, and the solubility relations are such 
that more than one type can crystallise simul¬ 
taneously, either the needle or mal can impress 
its form on the plate. 

In the case of petrolatum waxes and petroleum 
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ceresins, the position is more obsctire, partly 
because such mixtures are even more complex 
than the paraffin-wax group, partly because of 
the difficulty of satisfactory purification of these 
waxes, and partly because a sufficient number 
of pure synthetic hydrocarbons of these ranges 
(mol. wt. over 450) have not been available for 
comparison. However, by such separations that 
have boon accomplished,® and by inference from 
various physical properties, it appears that with 
these groups also, the w-paraffins and other solid 
saturated hydrocarbons occur, although there 
seems to be a tendency for many crude oils to 
yield waxes from their residues which contain a 
preponderating quantity of solid hydrocarbons 
of other series, and smaller quantities of the 
71-paraffin series {e.g.^ waxes of the petrolatum- 
wax group). 

(ii) Cofiiposition of Commercial Grades of 
Paraffin Wax .—Grades of paraffin wax are com¬ 
mercially available to certain setting-point 
specifications; e.g.y a grade termed 125-130 
(t.e., 51-54°c.). Such grades have a setting point 
intermediate between the specified limits, e,g., a 
125-130 grade wax may have a setting point of 
128-3^f. 

Such grades have been prepared from a crude 
oil (or shale oil), probably by one of the two 


processes described above, whereby a solid 
hydrocarbon mixture of the specified setting 
point has been separated from other waxes 
present in the crude oil. The range of con¬ 
stituents it contains is therefore less than the 
total range of solid hydrocarbons contained in 
the parent crude oil. Such a paraffin wax will, 
therefore, consist of a range of 7^-I7araffin8 and 
solid hydrocarbons of other series dn sub¬ 
stantially smaller quantities, which have a 
mean, or average, setting point between the 
limits quoted. 

There is little published data giving informa¬ 
tion on the approximate ranges of components 
which comprise such commercial grades. The 
data given in Tables 11 and III below are there¬ 
fore presented. Table II refers to the 112-115°f. 
grade and Table 1II to the 145-1 5()°f. grade. The 
first refers to a wax separated from Burma crude 
oil, and the second to a wax from Assam crude 
oil. Both waxes were obtained by the pressing- 
sweating sequences of operation. The yields 
given are approximate and the separation was 
not carried very far. However, the data should 
bo sufficient to show that the range of setting 
points ill each grade is considerable. Further 
resolution would, of course, have shown even a 
wider setting-point distribution of constituents. 


Table II,— Resolution of a Commercial Wax, Setting Point 45-fi®c. (from Burma 
Crude Oil), into Fractions bv Distillation and Kecrystallisation. 


Fraction by distillation at 2 miii, 
through fractionating column. 

Stilting point, 
"'c., effraction. 

Setting point, 

' c., of compon¬ 
ents after cry¬ 
stallisation 
from solvent. 

Yield, % weiglit 
on starting 
material. 






Refraedivo index and 

1 . 

34-0 


10-N 

density measure- 

2. 

39-1 


10 

rnent indicated 

3. 

41-6 


10 1 

that these frac- 

4. 

42-6 


10 1 

tions consisted of 

5. 

44-7 


loJ 

7i-paraffin mixtures. 

fi. 

46-7 




Crystallised from benzene C 


47-6 

7-6 


F 


42-8 

2-5* 


7. 

490 

j 



Crystallised from benzene C 


60-4 

8-0 


F 


421 

1 2.0* 


8. 

610 


• 


Crystallised from benzene C 


640 

6-6 


F 


44-7 

3-4* 


Residue. 

630 




Crystallised from benzene C 


68-9 

10*7 


Methyl ethyl ketone . C 


42-6 

6-8* 


Filtrate liquor, oil . . .. 


— 

2-4 



C : Bolvent-free crystals; F : solvent-free wax from filtrate. 

• Concentrates of solid saturated hydrocarbons other than n-paraffins 14-7%. 
Properties of purified filtrate wax from residue : 


Setting point.42-6*0. 

Mol. weight.423 

«D « . ..1‘4461 
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Table III.— Resolution of a Commercial 
Wax, Setting Point 63*4°c., from Assam 
Crude Oil, into Fractions by Distilla¬ 
tion AND RbCRYSTALLISATION. 


Fraction by 
fllstlUatioTi at. 

2 mm. througlt 
a fractionating 
column. 

Setting 

point, 

“C. 

Setting 
I)oint, 
"C. of 
I)onent« 
after 
crystal- 
Usatioii 
from 
solvent. 

Yield, % weight 
on starting 
material. 





cfractive 

J . . . . 

ns-o 


10 

index ami 

2 .... 

ns-s 


10 

<lensity mca- 

a .... 

(11-5 


10 

surement in- 

4 . . . . 

(5:}0 


10 

dlcated tliat 

.... 

()3 .^> 


10] 

tliea(^ frac- 

a ... . 

1 


10 

tion.s con- 

7 ... . 

().")• 7 


10 

si.sted of n- 

H .... 

67 1 


10 

])aral1in mix- 





^tiirrs. 

Kosiduc 

60 4 




Jiccrystallisatcd 





from benzenr. 





(solvent-free) j 


70-4 


17 4 

Filtrate extract, 





waxy oil 


41 0 


2-6 


The fraction isolated as solid saturated hydro- j 
carbons other than w-paruftins can be only taken 
as a concentrate, and therefore the actual 
quantity of such components would bo less than 
the combined total given (Table II). A pure 
w-paraffin of about the same setting point as the 
purified filtrate wax from the residue (j.e., setting 
point 42-5°f.) would about C27 or C22 cf a 
molecular weight of about 300 and 1*4300. 
It will also be noted that the higher setting-point 
paraffin wax (Table III) is comprised sub¬ 
stantially of w-paraffins. It appears usual for j 
waxes separated by pressing and sw'eating to con¬ 
tain less solid components, other than »- 
paraffins, as the setting point rises. 

Physical Properties. 

In view of the fact that petroleum waxes 
appear to consist in the main of the w-paraffin 
series, it is only natural to find that the proper¬ 
ties of such waxes conform in a greater or less 
degree to the properties of this series. Neverthe¬ 
less, these properties are often much modified, 
due to the fact that commercial waxes are wide 
mixtures of the w-paraffins and that they may 
■also contain solid saturated hydrocarbons of 
other series. In general, however, the com¬ 
plexity of the mixture of the w-paraffins appears 
to account more for such deviations than the 
presence of other saturated series; for example, 
fractions of n-paraffins mixtures freed from other 
solid components will, when suitably blended, 
give a product not distinguishable from a 
normal grade of paraffin wax. 

(i) Setting Point ,—This has already been 
covered under various sections above. 

(ii) Tramiiion Point,—-It is well known that 
the pure solid n-paraffin of the setting-iioint 
ranges covering commercial waxes have a 
transition point a few degrees below the setting 

12.13. 14. 15 
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It has also boon found that a few commercial 
Parafiin Waxes exhibit transition as measured 
by variation of density in the ranges between the 
sotting point and 15°c.,i® by thermometric 
observation,!'^’ and by variation of other 
properties such as electrical resistance and 
solubility.!® Transition points of commercial 
paraffin waxes are always substantially lower 
than the transition point of a pure n-paraffin of 
the same setting point. The onset of transition 
effects during cooling appear also to bo partly 
responsible for tho changes in appearance of a 
paraffin wax as it solidifies. 

In most cases paraffin waxes do not show a 
transition point by thermometric methods !® 
and it appears as if only a fraction or none under¬ 
goes transition on cooling. This probably ac¬ 
counts for some of the divergences observable 
between recorded solid properties of waxes of 
the same setting point {e,g., the wide variations 
in the latent heats of fusion). It appears that 
the more complex tho mixture comprising the 
commercial wax, the further is tho transition 
point depressed, and the smaller the extent to 
which transition occurs. Many waxes at normal 
temperatures appear to be in the high tempera¬ 
ture stable form, and tliis partly accounts for 
their translucency and plasticity (although the 
plasticity often appears more dependent on 
components other than ri-paraffins). 

The subject of tho polymorphism of the n- 
paraffins is an extensive one, and the original 
literature should be consulted for further 
details.!®’ !^' !‘-^’ !=^’ !^ 

(hi) Specific Gravity. —(a) Liquid State .—Tho 
sjiecific gravity of petroleum waxes varies both 
with tho sotting point, the crude oil from which 
they are obtained, and the method of production. 
The value of of commercial paraffin waxes 
of setting points ranging from about 48 to 60 ® c . 
may be taken as ranging from about 0*7700 to 
0*7850 (i.e., very roughly 0 * 0020 - 0*0080 above 
the density of the w-paraffins of the same setting 
point). The petrolatum waxes and petroleum 
ceresins have a substantially higher density, 
namely from about 0*8000 to 0 * 8500 .^! 

A mean value of temperature coefficient for 
aU waxes may be taken as approximately 0*0007 
per degree c. 

(6) Solid State .—The determination of the 
density of waxes in tho solid state needs special 
precautions due to the fact that air is readily 
occluded in the wax.!®’ 22 

The variation of density of wax in tho solid 
state with temperature may show discontinuities 
due to the transition effect referred to above.!® 

Some typical values at 15-6°o. are 


Table IV.— Density of Soijd Paraffin 
Wax at 16*0°c. 


Setting point, ''0. 

Density. 

49*4 

0*897 

52*2 

0-909 

55’0 

0-909 

60-6 1 

0-911 

67*8 

0-914 
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(iv) Refractive Index {in the Liquid State ).— 
This is a readily detorminod property of con¬ 
siderable use in classifying petroleum waxes, 
but the method of classification described below 
only applies if the wax is substantially free from 
oil. The refractive indices of the pure n~ 
paraffins are available from the literature and the 
observed values of commercial waxes may be 
directly compared with them.^®' The 

relationship between and the setting point 
in °c. of a ?i-paraffin may be calculated from the 
formula: 

7i^^™0'0004275(x setting point, °c.)+1*4113 

(derived from data given by M. P. Doss 

The refractive indices of petroleum waxes 
increase with rise of setting point, and also 
increase as the content of series other than n- 
paraffin increases. A commercial wax always 
has a higher refractive index than a w-paraffin 
of the same setting point, the difference for a 
paraffin wax being between 0 0005 and 0*0050. 
Providing the petroleum w^ax is substantially oil- 
free it may bo inferred that the greater its differ¬ 
ence in refractive index from that of a w-paraffin 
of the same sotting point, the greater its content 
of solid saturated hydrocarbons other than n- 
paraffins ,* but there is, as yet, no (piantitative 
relationship known. 

The refractive indices of petroleum ceresins 
and petrolatum waxes (particularly the latter) 
may be 0*0050-0*0200 higher than that of the 
w-paraffins of the same setting points. 

Examples of actual values arc given in the 
Table below. 


Table V.— Setting Points and Refractive 
Indices of I^etroleum Waxes. 


SettiriK point, 

Refractive index, 60®0. 


Corrected where necessary. 

49*4 

1-4349X 

52*2 

1*4352 

55*0 

1*4355 > Paraffin Waxes. 

57*8 

1*4370 

60*6 

1*4394J 

63*4 

71*8 

1*4560} Waxes. 

71*4 

1*4442 Petroleum Ceresin. 


Temperature coefficient may be taken as 
0*0004 per degree c. 

(v) Solubility .—The solubility of petroleum 
waxes varies very considerably even for waxes 
of the same mean setting point and molecular 
weight, depending on the composition of the wax 
mixture. Figures available, therefore, only 
apply to the actual wax mixture for which the 
determination was made. 

Various trends may be noted. For the 
paraffin wax group, the solubility in any given 
solvent decreases as the setting point of the wax 
rises. Waxes are in tho main most soluble in | 


hydrocarbons and halogen-substituted hydro¬ 
carbons. Good solvents for purification are 
benzene, ethylene dichloride, and methyl ethyl 
ketone (for waxes containing oil or solid 
saturated hydrocarbons other than w-paraffins in 
substantial quantity). Ethylene dichloride is a 
good solvent on account of its very steep tem¬ 
perature solubility curve for wax. J. W. Poole 
gives a good general summary on the solubility 
of the paraffin wax group in various organic 
solvents. It is concluded that, for any solvent, 
the solubility of wax may be expressed by the 
general equation: 

log Tfi.-- A(log T-Ks) 

Avhere —g. of wax per 100 g. of solvent, 

A a constant dependent on the wax, 

absolute temperature, 

A's-constant depending on solvent. 

For the wax employed, A 38*5. This w^ax was 
of an American wax of commercial origin, set¬ 
ting point 50*0°c. It was also split into two 
approximately equal fractions of sotting point 
53*9^ and 47*3°C!. respectively. Various values 
of Kg are quoted from which the following have 
been selected: 

Table VI.—Values of Kg for Various 


Solvents. 

Solvent, 1 


Acetone. 

2*4792 

71- Amyl alcohol. 

2*4700 

Chlorobenzene. 

2*4351 

Chloroform. 

2*4240 

Ethylene di chloride .... 

2*4650 

Light petroleum. 

24:211 

Toluene. 

2*4307 


The solubility of paraffin wax in pure hydro¬ 
carbons has been determined for a fraction 
obtained from a commercial paraffin wax by 
careful recrystallisation from benzene.^® 


Table Vlf.— Solubility of Purified Paraf¬ 
fin Wax (Setting Point 56°c., pj® 0*775) g. 
PER 100 c.c. Solvent. 


Tem¬ 

pera¬ 

ture, 

°c. 

Pen¬ 

tane. 

Hexane. 

Hep¬ 

tane. 

Octane. 

iso- 

Decano. 

0 

_ 

2*77 

1*37 

0-99 

_ 

r* 

__ 

8*69 

2*18 

1*69 

0*94 

10 

511 

4-81 

3*55 

2*90 

1*41 

15 

6*94 

6*07 

5*06 

4*24 

2*74 

20 

9*53 

8-31 

7*18 

5 93 

4*08 

25 

1716 

16*23 

14*36 

11*66 

9*17 


Figures for the solubility of a refined wax 
(setting point 125-127°p.) of American origin in 
various solvents are given in Table VIII.®* 
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Table VIII.— Solubility of 125-1 27°f. (51- 
53°c.) Paraffin Wax in Various Sol¬ 
vents. 


Porccntago wax in f^olntion. 




2ri°c. 

2C-7°c. 

;i2-2"e. 

.87-8^. 

43-3°C. 

Jienzenc. 

100 

180 

,85 0 

50 

77 

90 

Carbon 

tptra- 

rhloride 

10-0 

150 

310 

48 

68‘ 

83 

Eiliyleuc 

dichloride 

0-2 

0-8 

1-6 

7 

30 

81 


The solubility of paraffin wax in various 
petroleum fractions is given by I). S. Davis.^® 

It may also be noted that, as would be antici¬ 
pated, the solubility of the high-temporaturo 
stable form of paraffin wax {see “ Transition 
Point ” (ii)) is more soluble than the low- 
temperature stable form.^® 

(vi) Latent Heat of Fusion .—The latent heats 
of fusion of the pure w-paraffins covering the 
ranges present in paraffin wax (C21-C35), run 
from about 37-5 to 42-0 g.-cal. for the high- 
temperature stable form and from about 59-5 to 
64 g.-oal. for the low-temperature stable 
form.®* This gives a heat of transition of 
about 22 g.-cal. Latent heats of fusion of 
commercial paraffin waxes are substantially 
lower than this. 


Table IX.— Heats of Fusion of 
Various Commeiuual Waxes. 


Setting point, ''C. 

Jiatent heat of 
fusion, g.-cal. 

llefcrences. 

51-7 

40-3 

('") 

52-2 

38-9 

(“) 

52-4 

35-1 

(2») 

65-3 

43-8 

(28) 


Even intensive purification of fractions from 
commercial paraffin does not realise the values 
obtained for the pure w-paraffins. For example, 
G. S. Parks and S. S. Todd give latent heats 
of fusion of fractions obtained from petroleum 
by Buchler and Graves ® and considered to bo 
Cgo* ^ 26 * and C33. 


Table X. —Latent Heats of Fusion of 
Highly Purified Wax Fractions from 
Petroleum. 


Number of 
carbon atoms. 1 

. 1 

1 

Setting point, ®c. 

Latent heat of 
fusion, g.-cal. 

20 

36*4 

62-0 

25 

53-3 

53-6 

33 

711 

54-0 


For Tables of Heat Content and Heat of 
Solution, see U.S. Bureau of Standards Publi¬ 
cation 9746, 1929. 

(vii) Specific Heat. —Specific heat in the solid 
state of paraffin wax may be taken as 0*6, 


although higher values may occur near the 
setting point. 

Specific heat in the liquid state is given, 
approximately, by c-=0-492+0-0009i"c. between 
the setting point and 300®c. 

(viii) Heat C and activity .—The heat conduc¬ 
tivity in the solid state increases with temperature 
from about 0-00023 at 0“c. to 0-0006 at 25°c. in 
units of g.-cal. per sec. per cm.® per ®c. 

(ix) Electric Properties .—Inasmuch as petrol- 
leum waxes are frequently used for insulation 
and as dielectrics, some statement is necessary 
regarding their electrical properties. Very little 
published work exists, however, on this subject. 

Table XT.— Dtfxectrio Properties of 
Paraffin Wax (from LC.T.). 

Resistivity, p, ohms per cm. cube. 10^®-5x 10^®. 

. 9 , kv. per mm. . . 10-50. 

Dielectric constant .... 1-9-2-3. 

Lee and Lowry give some electrical proper¬ 
ties of a paraffin wax and a wax of the mixed 
petrolatum wax and petroleum corcsin type. 

Table XI1.— Electrical Properties of a 
Paraffin Wax of American Origin (Set¬ 
ting Point 51-7°c., 0-774) and a Micro¬ 

crystalline Wax, ''Svperla'' (Setting 
Point 74'’c.,pf 0-937, at 24°o.) ivith a 
Frequency of 1,000 Cycles per Sec. 



Paraffin wax. 
setting ])oint 
51-7°c. 

Microcryatal- 
line wax, 

“ Superla,” 
,s(‘tting point, 
74°c. 

Dielectric constant. 

2*19-2-24 

2-32-2-3f> 

Effective A.O. conduc¬ 
tivity (unit=10-12 
ohm per cm.) 

<0-37 

4-2-4-6 

Volume resi.stivity (unit 
— 10^® ohm per cm.) 

>290 

>460 





Jackson gives a value of 2*18 for the dielec¬ 
tric constant for a paraffin wax of Asiatic origin, 
setting point 57®c., at a frequency of 10’ c.p.s. 
and a temperature from 10-25°c. 

Jackson has explored various electrical 
properties of paraffin wax, including the D.C. 
conductivity. For a paraffin wax, setting point 
57-60°c., (of A.siatic origin) ho finds the D.C. 
conductivity varies from 10~^’ mhos per cm. at 
0°c. to 10“^®'® at 47°o., and for a highly purified 
fraction of paraffin wax (from Burma crude oil, 
setting point 55°c.), it varied from 10~^’*3 at 
0°c. .to 10”^®*’ at 55°o. The curves fall to a 
minimum about 10-15°c. below tlie setting 
point, and then rise to a maximum, and there¬ 
after fall as the temperature decreases (Jackson 
plots log mhs. per cm. against temperature), 
The development of the minimum about 10- 
15°c. below the setting point is attributed to 
transition effects in the paraffin wax. 

(x) Mechanical Properties of Petroleum Waxes 
in the Solid State. —It is becoming increasingly 
frequent to test mechanical properties of 
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petroleum waxes. It is known that several 
special tests are employed by largo producers 
and consumers but the details have not yet 
been published. 

They fall into three main categories: 

(a) Penetration and Hardness Tests. 

(b) Tensile Strength Tests. 

(c) Rupture Tests. 

It may be said that these tests make some 
endeavour to measure mechanical properties 
that are considered to be of value from the 
standpoint of wax application. They are 
difficult to interpret, the value of such testing 
being mainly of an empuical nature. However, 
it appears that all such tests are much in¬ 
fluenced b37 variation of temperature, j)rescnce of 
oil, and composition of the w ax mixture. 

(a) Penetration and Hardness Tests. 

A needle-penetration tost is gaining in popu¬ 
larity for the assessment of waxes of the 
petrolatum wax and petroleum ceresin t^’pe. 
This test is the A.S.T.M. D.5-25 and the l.P. 
49/46. The result is expressed as the distance 
(in tenths of a millimetre) that a standard needle 
vertically penetrates the sample under known 
conditions of loading, time, and temjx)raturo. 
For paraffin waxes, tested at 90 '^f., the value of 
the penetration varies from about 250 for a wax 
of setting point 51°c. to 12 for a w'ax of setting 
point of 60°c.2^ 

For waxes of the petrolatum-wax type and 
petroleum-ceresin type, the published pene¬ 
tration values at 77°f. vary from about 25 for 
the former to 12 for the latter,but it is 
probable that other recent additions of waxes of 
these types would show even wider variations. 

A hardness test (devised and employed by the 
Burmah Oil Co., Ltd.) consists in measuring the 
depth to w hich a 60° cone penetrates a specially 
cast sample of the wax, when under a load of 
1,500 g. for 30 seconds. The hardness number is 
calculated as the load in kg. per sq. cm. {i.e,. 
Standard BrineU practice). Table XITI below 
gives the variation of hardness of an oil-free 
commercial paraffin wax with incremental addi¬ 
tions of the oil normally associated with it. 


Table XIII.— Variation of Cone 
Hardness with Oil Content. 


Percentage oil 
by weight. 

Commercial wax, 
setting point 
53*8 ‘^C. 

Hardness at 15°c. 

Commercial wax, 
setting point 
bQ’VQ. 

Hardness at 15®C. 

0 

62*8 

79*7 

0-25 

61*9 

69*4 

0-6 

66*6 

64*2 

0-75 

62*8 

66*9 

10 

47*2 

63*6 


41*6 

46*2 

2*0 

39*6 

40*5 


The effect of temperature on hardness by this 
method of two commercial waxes of wddely 
different setting point is given in Table XIV. 


Table XIV.— Variation in Hardness of 
Two Commercial Waxes wtitii Temferature. 


Temperature, ®c. 

Middle Eastern 
wax, setting point 
.53-l“c. 

Assam wax, 
setting point 
63rc. 

1.5*5 

61*4 

70*2 

18*3 

51*8 

— 

2M 

44*4 

731 

23-9 

36-5 

— 

26-7 

22*2 

56-1 

29*4 

9*68 

430 

32*2 

3*90 

38-7 

350 


360 

37*8 


31*8 

40*5 


24*0 

43-3 


23-1 

46*1 

— 

15-2 

48-9 


5*87 


(5) Tensile Strength Tests. 

A tensile strength tost is described by Seyei* 
and Innouye who found that waxes examined 
by them behaved as plastic solids at over 30°c. 

Espach describes the F^erkins Tensile Tester 
as employed for waxes and gives data on the 
effect of oil on tensile strength. 

Bennett gives value of tensile strength 
(in lb. per i sq. in. area) at 90°f. for a variety of 
waxes. The values range from nil to over 60 
but do not bear any obvious relationship to the 
setting point or any other quoted value. 

(c) Rupture Tests. 

These tests consist essentially of loading a strip 
of the w^ax under test and measuring the con¬ 
ditions under whicFi it fractures. 

A rupture strength test (devised and employed 
the Burmah Oil Co., Ltd.) loads, at a constant 
rate, four test strips cut from a 6 g. cake of the 
wax sample (IJ in. by in.). The weight 
required to break each test piece and also the 
deflection before fracture are observed, and a 
conventional velocity of bending calculated from 
the latter. 

Table XV shows the variation of rupture 
strength of two fully de-oiled commercial 
paraffin waxes with increments of the oil 
normally associated with them. 


Table XV.— Variation of Rupture Strength 
(in g.) with Oil Content at 15-6°o. 


Percentage of 
oil added. 

Fully de-oiled 
commercial 
125/30®p. grade. 

Fully de-oilod 
commercial 
135/40®F. grade. 

0*1 

345 

304 

0*1 

' 278 

246 

0*2 

235 

214 

0*3 

188 

177 

0*4 

163 

159 


The effect of temperature on the velocity of 
bending for the same waxes is given in Table 
XVI. 
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Table XVI.— V.ibiation of Velocity of 
Bend of Ruptube Test Strip with 
Temperature (Hundredths mm./min.). 


Temperature, °c. 

Fully do-oiled 
oommorcial 
125/aO°F. grade. 

Fully de-oiled 
commercial 
135/40°p. grade. 

4-4 

31 

26 

100 

43 

31 

16-6 

77 

46 

2M 

191 

74 

26-7 

665 

156 


Chemical Properties. 

Although paraffin wax is usually stated to be 
chemically very stable, a fact to which the name 
“ paraffin ” is due, the literature on the 
chemistry of commercial wax is so vast that only 
the briefest review is possible. The literature is, 
however, comprehensively summarised by 
Ellis.3^ 36 

Briefly the three general fields of investigation 
have been 

(i) Oxidation. 

(ii) Halogen at ion. 

(hi) Thermal decomposition. 

(i) Oxidation. 

In the main, investigations have followed the 
line of oxidation at moderate temperatures 
(100“2()0'^c.) either at atmospheric or high pres¬ 
sure in the presence of catalysts and using 
either air or oxygen. A vast number of catalysts 
have been emjdoyed and various claims for their 
efficacy have been made. Tlio object of these 
investigations has been the possibility of fatty 
acid production. Fatty acids have been made 
on the commercial scale by this means, and 
have been employed for soap making and for 
the manufacture of edible glycerides in Germany 
and Russia. The reaction normally produces a 
variety of products, including fatty acids, 
hydroxy acids, unsaturated acids, ketones, 
aldehydes (both saturated and unsaturated), 
lactones, etc. So far, however, only the rigours 
of war or abnormal economic conditions have 
justified its commercial operation. Many pro¬ 
blems remain to be solved before paraffin wax 
can be regarded as a suitable raw material for i 
fatty acid manufacture. | 

(ii) Halogenation. 

Chlorination is quite simply carried out on 
petroleum waxes by passing chlorine through 
the molten wax held at a temperature preferably 
not less than flO°o. or more than 250®c. A variety 
of catalysts have been named as desirable; and 
the chlorination may be accelerated by the 
choice of a suitable solvent (e.g., carbon tetra¬ 
chloride®®). 

The chlorination is stopped when the desired 
increase in weight has been realised. The posi¬ 
tion of entry of the chlorine into the hydrocarbon 
molecule has not yet been really successfully 
controlled, although certain claims in this direc¬ 
tion have appeared. Chlorinated waxes are 
complex mixtures of unknown composition. 
They have, however^ certain commercial uses i 


(a) Preparation of a “ Pour-Point depressant ” 
by a reaction between the chlorinated wax and 
an aromatic hydrocarbon in tlie presence of 
aluminium chloride. A trade name for such a 
product is “ Paraflow ” and it has the effect, with 
certain classes of oil, of depressing the tempera¬ 
ture at which wax separates. 

{b) For fireproofing. 

1 (c) As “ Extenders ” for plast/os. 

Bromination is stated to be more difficult than 
chlorination. 

I Fluorination of paraffin wax has been carried 
out by dissolving chlorinated paraffin in benzene 
and treating it at the boiling-point with a mix¬ 
ture of antimony trifluoride and antimony penta- 
chloride.3'^' 3® The product may be used as a 
dielectric, 

(iii) Thermal Decomposition. 

Petroleum wax decomposes rapidly at a 
temperature in excess of 450^'o. into simpler 
parafiins and oleHns. The olefins may be 
suitably extracted from the reaction mixture. 
The mixture is, of course, highly complex. 

A very large number of chemical reactions are 
clearly possible with such olefinic mixtures. 

A commercial application of this reaction was 
employed during the w'ar in Germany when very 
largo quantities of lubricating oil were made 
from paraffin w'ax by its thermal decomposition 
in the presence of a catalyst {e.g., aluminium 
chloride) and condensation to high molecular- 
weight oils. 

Utilisation. 

Paraffin wax is mainly of commercial use on 
account of its properties in the solid state. 
These arise because of the complexity of the 
mixture of hydrocarbons that compose it. 
Sharply fractionated wax—where such frac¬ 
tionation proceeds by distillation and rocrystal- 
lisation of refined paraffin wax—is of little use, 
because such fractionated products are far too 
crystalline and easily disintegrate. 

Prior to 1939 the world consumption of 
paraffin wax had reached 500,000 tons per 
annum. The distribution of this demand in 
Great Britain is detailed in Table XVII.3® 


Table XVII.— Distribution of Paraffin 
Wax among Various Applications. 


Application. 

Percentage of 
application of 
total. 

Candles, night lights, and 

64 

tapers. 

Waxed paper and cartons . | 

15 

Polish materials .... 

10 

Matches. 

5 

Electrical insulation . 

3 

Various other applications 

3 


Bennett states, writing of the American 
market, that the approximate distribution of 
paraffin wax is 80% for coating and impregnating 
paper and paper products, 10% for candles, 
and 10% for other applications. Although, as 
Bennett indicates, these figures are difficult to 
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check, it is evident that the American demand 
for wax for coating and impregnating paper 
and paper products is far in excess of this utilisa¬ 
tion in (^roat Britain. It seems probable that 
in more norinal times the British offtake in this 
dii‘ection is likely to shoAv a very considerable 
increase. 

The volume and applications of petroleum 
ccresin and petrolatum waxes is at the moment 
obscure. The quantities available to the market 
have increased sharply over the war years. As 
far as can bo ascertained the main use has been 
for coating and impregnation, and not only of 
paper and papiu* products, but even of tools, 
machine spares and so forth. It is claimed that 
products s(j coated stand up excellently to severe 
tropical conditions of humidity. The petroleum 
ceresins appear to be utilised mainly for elec¬ 
trical purposes and in the formulation of polishes 
and of pharmaceutical preparations and cos¬ 
metics. 

(i) Candles^ etc. —The utilisation of paraffin 
wax for this purpose is based on the fact that 
when burnt under suitable conditions, it burns 
with a clear, nearly white, smokeless and odour¬ 
less ffamo. 

According to Allan the quality of the 
wax most suitable for candle-making depends on 
the market to be supplied. If the wax has too 
high a setting point (e.(/., above lIKfr.) lighting 
difficulties may be encountered; and if the 
setting point is too low {e.g., below I20"r.), the 
wax is too plastic and tlie candle may become 
distorted or bend in storage or in use. Actually 
the composition of the wax is adjusted by suit¬ 
able blending of waxes of different setting point, 
and by the addition of stearine (or other wax¬ 
like or organic materials). Stearine has various 
advantages; for example, it tends to offset the 
plasticity of some waxes and it inercases the 
opacity of the candle. The most usual propor¬ 
tion in which it is added is from 3 to 5%. 

Since waxes of the same setting point may 
vary considerably in their plasticity, due to the 
different ranges of solid saturated hydrocarbons 
they contain, it is evident that waxes from 
different sources will vary considerably regard¬ 
ing their suitability for candle manufacture. 

The wick is adjusted to give proper consump¬ 
tion of wax according to the diameter of the 
candles. 

The following table gives approximate con¬ 
sumptions aimed at for candles of different dia¬ 
meter. They apply to a wax of 123-125 °f. 
setting point with 3-5% of stearine. 


Table XVIII.— Diameters of Candles 
AND Consumption. 


Diameter in inches. 

Consumption, g. per hr. 

2 

4'8fi-5-18 

hi 

6-48-713 

toii i 

7-78-8-10 

to 1 

810-8-42 

to 

8-42-8-75 

to 1 

8-75-9-07 ‘ 

to 

9-07-9-40 


Wicks employed are mostly plaited in three 
groups of yarn and so many plaits per inch. 
These three groups may contain each 5—12 or 
more strands of cotton and are plaited up to 
10 or 12 plaits per inch. 

Wicks are chemically treated before use to 
assist burning. After an initial wash with weak 
caustic, soda, bleaching with weak hypochlorite, 
and washing with hydrochloric add and water 
they are treated with solutions of which the 
main ingredients may be ammonium sulphate, 
chloride and phosphate, borax, boric acid, and 
potassium nitrate. 

Details of candle-making plant with illustra¬ 
tions may be obtained from the reference given 
above {see also Vol. II, 2()3a). 

Xight-lights are designed to burn for relatively 
long periods with a smaller illumination and 
therefore a lower consumption. They are made 
from paraffin wax alone, no stearine being added, 
and white scale may bo blended with the 
paraffin wax employed. The process of mould¬ 
ing night-lights is similar to that of candles, 
except that they are made without wicks. In 
the centre of the mould is a pin which projects 
nearly to the top and this makes a hole into 
which a fine cotton wick, coated with a high 
setting-point wax to stiffen it, is later inserted 
by hand. 

Tapers are made by passing cotton yarn back¬ 
wards and forwards through a bath of wax, and 
then through dies, until the desired thickness is 
attained. Thermal conditions are adjusted to 
ensure that the wax is in a plastic condition 
when it passes through the dies. 

(ii) Coatmg and Impregnatmg of Paper and 
Pa2)er Products, etc. —The following exi client 
summary of these applications is quoted from 
Gray.^^ 

“ Modern methods of production and market¬ 
ing, whereby perishable goods manufactured in 
one hemisphere may be destined for consumption 
in the other, have brought with them the need 
for new and greatly improved wrapping 
materials, impervious to air, water, and water 
vapour, odourless, tasteless, physiologically in¬ 
active, robust enough and cheap enough to be 
commercially practicable. Waxed paper and 
cartons have obvious limitations as regards 
robustness, but fulfil all the other requirements. 
For certain applications in which great strength 
and rigidity are not essential, therefore, their 
use is extending very rapidly. 

“ Waxed paper alone may be used as a 
wrapping material for a great variety of pro¬ 
ducts, such as bread, confectionery, beef-extract 
cubes, soap tablets, and safety-razor blades. 
Again, many proprietary materials are packed 
in unwaxed or lightly waxed cartons or boxes, 
which are then wrapped and sealed in waxed 
paper. This method is customary in the case 
of dry, granular products, such as breakfast 
cereals, macaroni, salt, etc. It is also commonly 
used for biscuits. Lastly, liquid or semi-liquid 
products are conveniently handled in heavily 
waxed-sealed cartons without any additional 
wrapping. The last method is familiar in the 
case of milk, honey, syrup, sandwich pastes, and 
so on. 

“ Paper-waxing machinery varies greatly in 
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design and method of operation, but two basic 
typos may be distinguished, according to whether 
the wax is applied to the paper by waxed rollers 
or by total iminersion of the paper in molten wax. 
After waxing, the paper is chilled by cold-water 
immersion or by passing over chilled rollers. 

“ In general, rapid chilling produces opaque 
coatings with high gloss. Impregnation pro¬ 
duces tianslucent papers without pronounced 
gloss. The finished paper may contain up to 
about 40% of its total weight in wax. 

“ Cartons for liquids are made up into their 
finished shape before waxing. The waxing may 
be done by total imnuu’sion in molten wax, or 
by simultaneous spraying outside and inside, or, 
if desired, on the inside only, as the cartons yjaas 
the wax jets on a conveyor. After waxing, the 
cartons are (‘hilled in a refrigerating compart¬ 
ment, or by dipping in cold water, followed by 
draining and drying. 

‘‘As a general rule, only refined grades of 
paraffin W'ax, with very low oil contents, arc 
satisfactory for paper waxing. The presence of 
oil, or inadequate refining, leads to deficiencies 
such as low sealing strengtli, flaking, poor gloss, 
colour- and odour-instability, and “ blocking ” 
{i.e.y tendency of the waxed surfaces to adhere 
and flow together w’hen the ])apcr is stacked or 
rolJ(‘d).” 

Recent years hav^e seen the employment of 
increasing quantities of the ])etrolatum-w'ax 
group a]id pctroleiim-eeresin group for coating 
and impregnation jnirposes. The Petrolatum 
Waxes are ])artieularly favoured on account of 
their flexibility, imperviousness to moisture, and 
stickiness. Further, American practice appears 
to bo favouring the principle of specially blend¬ 
ing waxes for fids utilisation. Indications to the 
extent to wdiich this may be practiserl are giv(m 
in Bennett. 

(iii) FolLshes. —Petroleum waxes are widely 
employed in tlie manufacture of polishes. 

Paraffin w^ax is used in admixt\ire with special 
waxes, such as Carnauba, Candelilla, Ozokerite, 
and a variety of synthetic w^axes {e,g.y the l.G. 
series of synthetic waxes and others). 11 appears 
to have a twofold purpose; first, to cheapen 
the total cost of the wax employed, and secondly, 
to act as a “ plasticiser ” on such waxes. It also 
plays its part in ensuring that the solvent 
evaporates at the right rate from the surface to 
bo polished. 

The quality of the polish conferred by a suit ¬ 
able wax mixture into w^hich is incorporated a 
solvent, appears to depend mainly on the other 
waxes employed. Certain mierocrystalline waxes 
(i.c., waxes of the petrolatum-wax and petro¬ 
leum-corcsin groups) appear to confer an 
excellent polish, although here again the em¬ 
ployment of such waxes is more often to ensure 
the right retention of solvent and its correct 
rate of evaporation.**^ 

Wax polishes are of two general types. The 
first is made with organic solvents, usually white 
spirit to which turpentine may be added. The 
desired colour is attained by the use of an 
appropriate dye. The waxes are melted together 
in a mixer and the solvent incorporated. The 
mixture is filled into the containers when the 
desired consistency is reached. 


The second typo is made by emulsifying the 
mixture of waxes, solvent and stabiliser, with 
water. Many formulae are available {vide 
Bonnett'*^^). 

(iv) Matches. —Matches are impregnated with 
paraffin wax to assist their kindling and burn¬ 
ing. Low setting-point grades are employed, 

jusuaUy 10(i-108°F., 110-112‘^f., and 112-116°f. 
For this purpose the paraffin w ax may contain 
appreciable quantities of oil (up to about 3%). 

(v) Electrical Uses. —This utilisation takes 
advantage of the V(;ry high resistance of 
petroleum waxes, and its use is as a dielectric 
or as an insulating material. It may be used 
])uro or in admixturo. It is not sufficiently 
realised that petroleum waxes undergo oxidation 
at impregnation temperatures, if these tempera¬ 
tures are too high or the wax is held too long 
at the temperature in the presence of air. For 
example, Jackson found that the power factor 
of fresh paraffin wax at high frequencies was at 
no point in cxc(‘ss of ()-5x 10~* at temperatures 
from 0 to 8(Fc., but, after heating in air for 230 
hours at lOO^o. it had risen to about 4*7 x 10~^. 

Usually it is desirable that a petroleum Avax 
employed for electrical purposes should have a 
very fine crystalline structure. For this reason 
paraffin wax may be preferred blended with 
petroleum ccresin or petrolatum waxes. 

Faraffiii may also be used as a plasticiser for 
polythencs. 

Specific uses are for condensers and cables. 

(vi) Various other Applications. —Other uses 
may be briefly listed as follows : 

Manufacture of Textiles : Paraffin wax is used 
to lubricmte threads before spinning, for water¬ 
proofing, and for calcnd(‘ring after laundering 
(w'ax emulsions). 

Leather Trade: Wliit(^ Scale or slack wax is 
usually employed for a variety of i)nrpo8es, of 
which dressing is the most important. 

Preservation of Food: Paraffin wax and 
petrolatum waxes are used for coating fruit, 
vegetables, eggs, cheeses, hams, and other 
perishable goods. 

The Arts: Paraffin w^ax is used for mounting 
and strengthening museum and art objects and 
in the manufacture of crayons, etc., and for 
modelling compositions. 
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S. T. M, 

PETUNIDIN is the anthocyaiiidin which is 
obtained by the acid hydrolysis of petunin 
(q.v.). The crude product contains an impurity 
which renders crystallisation difficult, and which 
is more easily soluble in alcohol and less easily 
soluble in aqueous mineral acids than petunidin 
itself. Purification by adding concentrated 
hydrochloric acid to a solution in the dilute acid, 
dissolution of the precipitate in methyl alcoholic 
hydrogen chloride and slow evaporation of the 
solution gives petunidin chloride in a well- 
crystallised condition. 

Petunidin chloride forms a number of hydrates 
which dilfer in solubility and crystalline form. 
In appearance these are dark brown or grey- 
brown in colour. Petunidin chloride, which 
has been crystallised from aqueous-methyl 
alcoholic hydrochloric acid by evaporating the 
alcohol, is easily soluble in 0'5-l%, and con¬ 
siderably soluble in 3% hydrochloric acid. If 
however the preparation is washed with ethyl 
alcohol, a change in the character of the hydrate 
occurs. The new form is stable in air, but it is 
not only insoluble in 3%, but is almost insoluble 
in cold 0*6% hydrochloric acid. It is easily 
soluble in the more dilute acid on warming, and 
no separation of crystals occurs on cooling. 
Crystallised from aqueous hydrochloric acid, 
petunidin chloride forms the dihydreUe, 

Ci6Hi307CI,2H20, 

which becomes anhydrous in the desiccator. 
Washing with alcohol appears to cause the re- 
placement of 2 H 2 O by 0*6 CgHjO H. Dehydra- 
tion of petunidin chloride by heating to 100° in 


vacuum is accompanied by loss of hydrogen 
chloride. 

Petunidin chloride is very easily soluble in 
alcohol; the solution gives an intense blue 
reaction with ferric chloride. Aqueous solutions 
of the chloride are destroyed by ferric chloride. 
Sodium acetate added to a solution in amyl 
alcohol gives a violet-blue colour. The chloride 
is not extracted from aqueous acid solutions by 
shaking with a mixture of c?/r/ohexanol (1 vol.) 
and toluene (5 vols.), and it has a lower distri¬ 
bution than cyanidin in a 5% solution of picric 
acid in a mixture of amyl ethyl ether (1 vol.) and 
anisole (4 vols.). Petunidin is best characterised 
by its behaviour on extraction from an aqueous 
acid solution by the latter reagent (G. M. and 
R. Robinson, Biochem. J. 1931, 25, 1693). This 
test has served to establish the circumstance that 
petunidin is a homogeneous anthocyanidin, the 
criteria previously available having been in¬ 
sufficient to differentiate petunidin from a mix¬ 
ture of delphinidin and malvidin. 

Petunidin is hydrolysed by hot, concentrated 
potassium hydroxide to phloroglucinol and a 
methyl ether of gallic acid. Demethylation with 
hydriodic acid in the presence of phenol leads to 
the conclusion tliai petunidin is a monoraethyl 
ether of delphinidin (Willstiitter and Burdick, 
Annalon, 1916, 412, 217), and G. M. and R. 
Robinson (l.c.) have shown that petunidin 
<‘hloridc is, in fact, identical with the 3'-0* 
mcthyldelphinidiii chloride (1), which had been 
synthesised previously (Bradley, Robinson, and 
Schwarzenbach, J.C.S. 1930, 793). 


Cl OMe 



HO 

I. 


It is very probable that petunidin occurs 
naturally in the form of other glucosides than 
petunin. The S-raonoglucoside appears to be 
present in the colouring matter of the bilberry, 
the purplish berries of Berberis darwinii and 
those of B. stenophylla, B. aquifolium contains 
monoglycosides of delphinidin and malvidin 
accompanied possibly by those of petunidin; 
a glycoside of petunidin is present also in a 
variety of Phlox drummondi. The flowers of 
certain wine-red varieties of sweet peas owe 
their colour to a petunidin-3:5-dimonoside. A 
pentoseglycoside occurs in Lilium lancifolium 
rubrurrif and diglycosides in Tradeacantia vir- 
ginicUf Rhododendron sphndens, R. purple 
splendour. Lithospermum prostratum contains a 
petunidin diglycoside in an almost pure form. 
The anthocyanins of Lavateria trimestris rosea 
splendens also are based on petunidin (G. M. and 
R. Robinson, Biochem. J. 1931, 25, 1693; 1932, 
26, 1647). 

W. B. 

PETUNIN is the name assigned by Will- 
statter and Burdick (Annalen, 1916, 412, 217), 
to a welbcrystallised, homogeneous anthocyanin 
isolated by them from the petals of the petunia. 
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“ Karlsruhe Rathaus.” The velvety violet-blue 
petals were extracted with glacial acetic acid, 
and the dissolved anthocyaniri was precipitated 
by adding ether to the bluish-red solution. It 
was an advantage to work up the extracts as 
quickly as possible, otherwise considerable loss 
of anthoeyanin occurred. The precipitate 
crystallised readily from 0-5, to 1% hydrochloric 
acid, and further crystallisation from w^arm 1-5% 
acid gave petunin chloride in the form of the 
dihydrate, C 2 hH 330 i 7 CI, 2 H 20 . The salt, which 
is obtained in the form of long, rectangular 
tables, having a coppery lustre, and appearing 
violet by transmitted light, sinters at 105°, and 
then melts at about 178°. The water of crystal¬ 
lisation and about one half of the chlorine are 
lost when the drhydrate is dried in a desiccator. 

Petunin is sparingly soluble in cold, dilute 
hydrochloric acid. At 20°, 100 c.c. of acid of the 
concentrations indicated dissolve the weights 
of the chloride stated in brackets: 0*25% 

(0-67 g.); 0-5% (0-45 g.); 3% (0-14 g.). * At the 
same temperature, 100 c.c. of 7% sulphuric acid 
dissolve 0-075 g. of the chloride. 

In contact with water the chloride is easily 
hydrolysed with the formation of violet flocks 
of a compound which is probably a basic salt. 
In sufficient water a clear red-violet solution is 
obtained; acid solutions are redder in colour. 
The jjseudo-hase is formed slowly in cold dilute 
solutions, and more rapidly on heating. Solu¬ 
tions of petunin in dilute mineral acids arc 
bluish-red, somewhat redder than acid solutions 
of dolphinin, but markedly bluer than those of 
malvin. The same relationship between the 
colours of the three anthocyanins holds also for 
solutions in methyl-alcoholic hydrogen chloride. 
Petunin is easily soluble in ethyl alcohol, and 
very easily in methyl alcohol. It is completely 
extracted from solutions in amyl alcohol by 
shaking with dilute aqueous mineral acids; this 
is the normal behaviour of a diglucoside. 

Ferric chloride imparts a violet colour to solu 
tions of petunin in methyl alcohol; the efl'cet is 
less marked in either water or ethyl alcohol. 
Sodium carbonate added to an acid solution 
changes the colour to violet, and this subso 
quently becomes blue. Neutral solutions give a 
greenish-blue with the alkali because of their 
content of pseudo-base, which in the pure con¬ 
dition dissolves in sodium carbonate solutions 
with a yellow colour. 

Petunin does not form a sparingly soluble 
picrate; on hydrolysis by short boiling with 20% 
hydrochloric acid, it yields petunidin (q.v.) 

(1 mol.) and glucose (2 mol.). 

Bell and Robinson (J.C.S. 1934, 1604) have 
synthesised a number of petunidin glucosides 
and, while no direct comparison of synthetic 
and natural pigments was possible, it appeared 
probable that petunin would prove to be identi¬ 
cal with petunidin-3:6-digluco8ide (I). 


Cl 
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Other saccharides of petunidin are referred to 
in the article Pewnidin. 

W. B. 

P ETZITE . A silver-gold telluride, approxi¬ 
mately AggAuTeg, averaging about Ag 42, 
Au 25, Te 33%. It occurs massive, granular 
to compact, and has not boon observed in good 
crystal form. The mineral is slightly sectile to 
brittle, and has a subconc^hoidal fracture; 
p 8-7-9-0, hardness 2^-3. Colour, steel or iron- 
grey to iron-black, often taniishing; lustre 
metallic. It is a minor ore-mineral of gold, 
notably in Western Australia at Kalgoorlie, and 
in the Ontario districts of Porcupine and Kirk¬ 
land Lake. 

IX W. 

pH. 

pH VALUE8: THEIR SIGNIFICANCE. 

The symbol pH was introduced by Sorensen 
to denote, as he then thought, —logio[H*] in 
which [H*] represents the co7icentration of hydro¬ 
gen ions; it was assumed that ion concentra¬ 
tions could be detormhied with the aid of the 
conductance ratio, u—AcIAq, as required by the 
classical ionisation theory of Aj-rhenius. The 
introduction of the activity theory of electrolytes 
by G. N. Lewis, and particularly the theoretical 
support afforded by the theory of Debye and 
Hiickel (1923) have made it exceedingly doubt¬ 
ful w'hcther concentrations of ions can be so 
computed. Instead, mean ionic activities may 
bo calculated from electromotive-force measure¬ 
ments, and the symbol, pH, accordingly receives 
a new significance, viz., pH=-log jq ^ 
flu-, the activity of the hydrogen ion, cannot bo 
determined, On* is assumed to be equal to a^, 
i.e., the mean ionic activity of the hydrogen 
ion and of the anion with which it is as¬ 
sociated. Thus, if we consider the ionisation 
of hydrochloric acid as being complete, then 
HCI ^ H'-f Cl', from which it 

will be seen that depends not only on but 
on aQ\'. If another acid, HX, were taken then 
a^=(a|_|- X so that a^ would depend on ay*. 
On the basis of this theory it is not possible 
therefore to restrict pH to the activity of 
hydrogen ions alone and this constitutes a very 
serious defect. 

Another difficulty lies in the fact that pH 
values are always calculated from the e.m.f.’s 
of cells with transport, between the two electrodes 
of whi(;h a saturated solution of potassium 
chloride is interposed with the object of elimi¬ 
nating the junction or diffusion potential which 
would be set up where the two electrode solutions 
would otherwise meet, e.g., 

Ha I HCI I Satd. KCI | K-KChHggCIa | Hg. 

It is to such cells that the activity theory has 
not been satisfactorily apphed, despite the 
efforts of Maclimea and co-workcrs (J. Amer. 
Ghem. Soc. 1935, 57, 1356; 1936, 58, 1970; 
1937, 59, 503; Chem. Reviews, 1936, 18. 335) 
and Guggenheim and Schindler (J. Physical 
Chem. 1934, 38, 536). It is, however, from the 
e.m.f.’s of cells without transport, e.g., 

Ha I HCI(Ci),AgCI | Ag | AgCI,HCI(Ca) | Hg, 

that mean ionic activities are computed, and 
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from which therefore pH= ~ log^o <^±(HX) 
strictly speaking only be calq^latod. 

A further confusion arises from the use in 
cells with'transport of standard electrodes, e.g.^ 
the saturated, normal, and decinormal calomel 
electrodes, which have been standardised on the 
basis of the activity theory by means of cells 
without transport. The potentials of standard 
electrodes are referred to either one or other of 
two slightly different electrodes, the potentials 
of which are arbitrarily equated to zero. The 
first is the hydrogen electrode, supplied with 
hydrogen at a pressure of one atmosphere, in 
equilibrium with hydrogen ions at a supposed 
concentration of 1 g.-ion per litrcy i.e., 

Pi-H^ I H*, 

potential= jE^c, whilst the second is the hydrogen 
electrode with hydrogen at atmospheric pres¬ 
sure in equilibrium with hydrochloric acid, the 
mean ionic activity of which is unity, i.e., 
Pt- H 2 I H CI, = i, potential=^a. The poten¬ 
tial of a hydrogen electrode in terms of ion- 
concentrations is given by 

AV=ce-b2-()33(/fT/F) log^o [H*] 

so that when [H‘]~l, (arbitrarily) (the 

normal electrode potential of hydrogen) and it 
is tliis electrode which, for the purpose of 
standardising other electrodes, is arbitrarily 
equated to zero, whereas the potential of the 
hydrogen electrode in terms of ionic activities is 

*a"f'2*303(/lT/JP) logiQ <*±hCI> 

whence by choosing a solution of HCI in which 
(file standard electrode poten¬ 
tial) and therefore the potential of the second 
standard ,Ea—€a—0 (arbitrarily). To standardise 
an electrode, e.g., the decinormal calomel, against 
the arbitrary hydrogen standard, the 

e.m.f. of the cell; 

Hg|Hg 2 Cl 2,0 lN-KCl| Satd. KCI|HCl(c)|H 2 -Pt 
must be measured, whence 

='*?o.iN.Cal.-2-303(Kr/F) logio [H'] 
where [H']^ac—{AclAQ)Xc. 

The potentials thus obtained are: 

Decinormal calomel: 0-3380 v. at 18°o., 0-3371 
V. at 25°c. 

Normal calomel: 0-2863 v. at 18°c., 0-2846 v. 
at 26 ^ 0 . 

The potentials of standard electrodes as ex¬ 
pressed in terms of the activity theory cannot 
be found by direct measurement, but are, in¬ 
stead, ascertained by graphical extrapolation of 
the e.m.f. of the cell Ag | AgCl,HCI(c) | Ho-Pt 
in which varying concentrations of hydrochloric 
acid are employed with respect to the e.m.f. of 
the cell without transport : 

Pt-Ha I HCI(a±=l),AgCI | Ag | AgCl, 

HCI(c) I Hj.Pt, 

the extrapolation being rendered possible by 
assuming that when c =0 the mean ionic activity 
coefficient becomes unity; in other words that at 


infinite dilution not only is ionisation complete 
but the individual ions obey the perfect-gas laws. 
The extrapolated e.m.f. of the cell 

Ag I AgCI,HCI(ai-l) I Hg-Pt 

is 0-2225± 0-0001 v. at 25® (Prentiss and 
Scatchard, Chem. Reviews, 1933, 13, 139) and 
as the potential ,of Pt-Hj | HCI(a^ —1) is 
arbitrarily assumed to be zero, it follows that 
the potential of the electrode 

Ag i AgCl,HCI(ai-l), 

is q- 0-2225 V. From this value, the potential 
of the standard electrode, 

Ag I AgCI,0-lN-KCI 

is calculated, viz., +0-2882 v. at 25®c. 

Randall- and Young (J. Amer. Chem. Soc. 
1928, 50, 989) found that at 25® the e.m.f. of the 

cell Hg I Hg 2 Cl 2 ,HCI(c),AgCI | Ag remains 
at 0-0546 V. irrespective of the concentration, c, 
and they therefore concluded that both elec¬ 
trodes were in equilibrium with hydrochloric 
acid of w hich ^^. = 1. Taking 0-2225 v. as the 
potential of the right-hand electrode, it follow's 
that the potential of the left-hand electrode, 
Hg I HgaCIg.HCKa^^l) must be +0-2681 v. 
Knowing the mean ionic activity coofiicients of 
KCI in 0-1n. and n. solutions and the foregoing 
potential, it can be showm by calculation that at 
25® the potential of the decinormal calomel 
electrode is +0-3338 v. and that of the normal 
calomel electrode is +0-2801 v. When these 
potentials are compared with those found 
directly by using cells with transport it is found 
that the potential of the decinormal electrode is 
0-0033 V. lower and the normal electrode 
0-0045 V. lower. 

Guggenheim and Schindler have attempted to 
apply the activity theory to cells with transport, 
but, instead of assuming that the junction 
potential between the two electrode solutions is 
completely eliminated by the interposition of a 
saturated solution of potassium chloride, they 
prefer to employ the Bjerrum method of using 
successively 3-6N-KCI and 1-75N-KCI as junc¬ 
tion liquids in any given cell and regarding the 
function error introduced by the 3-5N-KCI to be 
equal to the difference between the e.m.ffs of the 
two cells having the different junction liquids. 
They measured at 26° the e.m.f.’s of cells of the 
type: 

Hg I Hg2Cl2,0 lN-KCI I 3-5N-KCI | HAc(c), 

NaAc(c) I H^-Pt 

and by assuming (i) the correctfiess of Hamed 
and Ehlers' value of the dissociation constant of 
acetic acid, viz., 1-76 xl0~* at 26° (ibid. 1932, 
54, 1360; 1933, 55, 662), which was determined 
by means of cells without transport, and (ii) cer¬ 
tain probable activity co-efiScients, they deduced 
a v^ue of +0-3337 v. as being that of the 
decinormal calomel electrode, when incorporated 
in a ceM with transport. Whilst such a value is in 
good accord with +0-3338 v., based purely on 
the activity theory, it does cause serious differ¬ 
ences in the precise values of pH normally cal¬ 
culated from the e.m.f. of hydrogenHiecinormal 
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calomel cells. Thus the adoption of Guggen¬ 
heim and Schindler’s value of 0*3337 leads to pH 
values that are 0*065 pH unit higher than those 
found by using Sorenson’s value of 0*3376 v. as 
the potential of the decinormal calomel electrode. 

This confusion is intensified by the fact that 
originally the electrometric methods of deter¬ 
mining pH values {v. Hydeogen Ion Deter¬ 
mination, Vol. VI, 3356) were based on 
potentials ascribed to the standard electrodes 
on the basis of the Arrhenius theory, whereas 
more recently there has been a tendency on the 
part of workers to be inconsistent and to assign 
values to the standard electrodes indiscrimi¬ 
nately, for they have not troubled to ascertain 
how these values have boon derived. Further¬ 
more, it should be remembered that the calibra¬ 
tion of most of the buffer solutions used in colori¬ 
metric methods of determining pH values was 
carried out by means of the hydrogen electrode 
in conjunction with standard electrodes, 
generally either the decimormal or normal 
calomel, to which potentials were assigned on 
the basis of the classical theory of Arrhenius. 
It would be better if in all determinations of pH 
values in which cells with transport are employed 
workers would, until the mechanism and c.m.f.’s 
of such cells are more fully understood, use 
potentials of the standard electrodes that have 
been deduced from the classical theory. 

Significance of pH.—The effect of the 
modern theory of elecitrolytes has been to 
obscure somewhat the meaning of pH, for 
although the Arrhenius theory provides a clearer 
picture of itms in terms of concentrations, the 
activity theory gives a more accurate idea of 
wdiat might be regarded as the “ effective ” con¬ 
centrations of ions. But, despite the inade¬ 
quacies of the Arrhenius theory, pH may still 
be regarded as being approximately the nega¬ 
tive power of the hydrogen ion concentra¬ 
tion when raised to the base of 10. Moreover, 
whatever may be their precise significance, pll 
values do give an excellent method of represent¬ 
ing varying degrees of acidity and alkalinity, and 
it is in this respect that their measurement and 
control have been so valuable in chemical and 
technical processes. 


pH Scale.—In any aqueous solution the 
ionisation of water occurs, thus, 

HjjO ^ H +OH', 

and the equilibrium thereby established is 
repressed towards the left by the introduction 
into the solution of either hydrogen ions or 
hydroxyl ions. At a constant temperature the 
product, [HM[0H']--^AV the so-called ionic 
product of water. In absolutely pure water 
whence at trm neutrality ■■ - [ H *]- 
and therefore [H'j—or in terms of pH, 

- logio [H']=i(- logio A'k,) 

i.e., pH—^pATyj, where is the negative ex¬ 
ponent of Kfo to the base 10. Table 1 gives the 
values of and the pH of true neutrality at 
various temperatures. 


Table I. 

'J'ciiipcraturc, 


pll at neutrality. 

0 

14*94 

7*47 

16 

14*20 

7*10 

18 

14*13 

7*06 

20 

14*07 

7*03 

22 

14*00 

7*00 

25 

13*90 

6*95 

30 

13*73 

6*86 

37 

13*51 

6*75 

40 

13*42 

6*71 

100 

12*24 

6*12 


It will be noticed that an increase in tempera¬ 
ture brings about a gradual increase in wdth 
the result that the pH value corresponding with 
true neutrality progressively diminishes from 
7*47 at 0° to 6*12 at 100°, the pH at ordinary 
temperature being approximately 7*00. 

In Table II it will be seen that decreasing 
degrees of acidity arc represented by pH values 
ranging from 0 to 7, whereas the pH range from 
7 to 14 represents increasing alkalinity. The 


Table II.— ^The pH Scale. 


[H1. 

pH. 

[OH']. 

pOH. 


1 

= 10“ 

0 

10-14 

14 

Logarithmic decrease 

0*1 

..--10~1 

1 

10-13 

13 


0*01 

=^10-2 

2 

10-12 

12 

in 

0*001 

= 10-“ 

3 

10-11 

11 


0*000,1 

=io-‘ 

4 

10-10 

10 

Acidity 

0*000,01 

= 10-“ 

5 

io-» 

9 

t 

0*000,001 

=io-» 

6 

10-“ 

8 

1 

0*000,000,1 

= 10-’ 

7 

10-’ 

7 

- Neutrality 

0*000,000,01 

= 10-“ 

8 

10-« 

I 6 

1 

0*000,000,001 

= 10-“ 

9 

10-' 

5 


0*000,000,000,1 

= 10-’“ 

10 

10-* 

4 

Logarithmic increase 

0*000,000,000,01 

= 10-” 

11 

10-“ 

3 


0*000,000,000,001 

= 10-” 

12 

10-2 

2 

in 

0*000,000,000,000,1 

= 10-” 

13 

10-2 

1 


0-000,000,000,000,01 

= 10-1* 

14 

1 

0 

Alkalinity, 
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transition from acidity at pH 7 to alkalinity will 
be understood from the fact that 

or in terms of negative indices, 

pH+pO H =p7{'|^=14. 

Substituting 8 for pH in the foregoing equation, 
we find that pOH is 6, i.e. [OH'J-10-* whereas 
the [H*] —10“®. Hence pH 8 corresponds w'ith 
alkalinity for it indicates a greater concentra¬ 
tion of OH' ions than of H* ions. Although 
one is apt to regard the pH scale as being divided 
into equal unit divisions, it should be remem¬ 
bered that the pH scale is actually logarithmic 
and that each successive pH unit represents a 
diminution in hydrogen-ion concentration such 
that the concentration of hydrogen ions is equal 
to one-tenth of that indicated by the im- 


mediately lower pH value. Table III gives the 
pH values at 18° of various solutions. 

Table 111 . 

Eloctrolyte. 

pH. 

n-HCI. 

010 

OIn-HCI. 

107 

OIN-H2SO4. 

1 

OOIn-HCI. 

2-02 

OOOIn-HCI. 

;ioi 

OlN-CHgCOOH. 

2-87 

OIN-NH 4 OH. 

11-27 

OOOlN-NaOH. 

un 

OOlN-NaOH. 

12-12 

OlN-NaOH. 

18-07 

N-NaOH. 

14-05 



Percentage Neutralisation with NaOH 


Fig. 1 . 


Variation in pH during the Neutralisa¬ 
tion of Acids and Bases.—1, Strong Acid 
Neutralised with a Strong Base^ e.g., HCI with 
NaOH. —Aa HCI is neutralised with NaOH, 

HCI+NaOH — NaCI+HjO, 

the un-neutralised HCI is largely ionised, 
HCI ^ H*-f-CI', and so is the NaCI that is 
formed, NaCI ^ Na-CT, thereby producing 
cr ions which are common to both these dis- 
sociations. It might bo expected that the in¬ 
creasing cr ion concentration set up as the 
neutralisation proceeds would, according to the 
Law of Mass Action, materially repress the 
ionisation of the yet un-neutralised HCI and so 
reduce the concentration of hydrogen ions to an 
extent greater than could be attributed to the 
gradual fall in concentration of the acid. Ihis 


is not the case, for the concentration of Cl' ions 
originating from the salt formed has but little 
effect. This failure of the Arrhenius theory, in 
its inability to provide a means of calculating 
ion concentrations which are in harmony with 
the requirements of the Mass Law, has cast 
grave doubts on its validity when applied to 
ionisation considered in terms of the Arrhenius 
theory. In carbon-dioxide free solutions 
Fig. 1 shows the variation in pH when 100 c.c. 
of (a) n-HCI is titrated with N-NaOH, (b) 0*1n- 
HCI 18 titrated with O-lN-NaOH, (c) 0-01 n- 
HCI is titrated with O-OlN-NaOH. (The inset 
diagram shows the pH changes which occur 
during the neutralisation with alkali of any dis¬ 
solved carbon dioxide.) The pH values set up 
at 99% and 99*9% neutralisation can be cal¬ 
culated approximately from the concentrations 
of the HCI then un-neutralised, the degree of 
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ionisation being negligible. Such values are 
given in Table IV.' 

Table IV. 


Concen¬ 
trations 
of re¬ 
actants. 

N. 

0-lN. 

OOlN. 

Percent- 
tago HCI 
neutral- 
liscd. 

^ HCI- 

j.H. 

^HCI- 

pH. 

^’hci- 

l*H. 

OOO 

rj02 

2-30 

5 02 

3-.30 

502 

4 30 


• 10-3 


xlO •* 


X 10-5 


yoi) 

fj-oo 

3-30 

5-00 

4-30 

5 1)0 

5-30 


> 1 O'-* 


X 10'-3 


1 xlO-o 



When carbon dioxicUi is present in the solu¬ 
tions, as it invariably is, the inset neutralisation 
curve of H2CO3 shows that its neutralisation 
begins at pli 4*4, whilst Table IV reveals that 
in N. solution HCI is 99-9% neutralised at pH 3*3 
and in 0-1 n. solution at pH 4-3, and that in 
0-01N. solution it is 99% neutralised at pH 4-3. 
It happens that IVlethyl Orange changes from red 
to yellow within the pH range 3-1-4-4, although 
when undergoing rapid change in colour such as 
occurs in the course of a neutralisation of a 
strong acid with a strong base this indicator 
appe^ars to most eyes to undergo the most per¬ 
ceptible change at pH 4-3, when it lias acquired 
an orange colour (pH 4-3 is therefore described 
as the pT or “ titration exponent ” of Methyl 
Orange). It will thus be seen that by using 
Methyl Orange it is possible to titrate HCI in n. 
.and O-lN. solutions with a roapective accuracy 
of 0-01% and 0*1% and in O-OIn. solution to 
within 1%, though in the last case, as Fig. I 
shows, the colour change of the indicator will 
extend over the last 15% of the neutralisation. 

To titrate to a definite pH value, such as is 
necessary in the foregoing neutrahsations, use 
may bo made of the so-called “ screened,” 
“ masked,” or “ acliromatic ” indicators. Those 
consist of the ordinary indicator solutions which 
contain other coloured substances (dyes or other 
indicators) in such concentrations that the 
colours and intensities they impart serve as 
complementary colours to those produced by the 
indicators themselves at any desired pH values. 
Table V gives examples of indicators wdiich yield 
“ masked ” colours—theoretically, they should 
be colourless, but in actual practice are either 
grey or yellow—on the attainment of pH 4*3. 


Table V. 


Indicator mixture. 

Colour change. 

Below 
pU 4-3. 

At 

pll 4-3. 

Above 
1)H 4 3. 

0-02% Methyl OranRe 
+ 0-1 % Bromocresol 
Green. 

Orange. 

Yellow. 

Green. 

0-1% Methyl Orange 
-1-0-1% Aniline Blue . 

Violet. 

Grey. 

Green. 

0*2% Kthyl Orange 
f 0-1 % Methyl G reen 

Blue. 

Grey. 

Green. 

0-5% Alizarin lied 
-f-0-003% Methylene 
Blue. 

Green. 

Grey. 

Wine. 

1 


In the reverse titration, viz., that of a strong 
base with a strong acid, the neutralisation will 
take place at high pH values. If carbon dioxide 
were absent the end-point would be indicated 
by a well-defined inflexion, the location of which 
could bo detected by the disappearance of the 
red colour of the phenolphthalein at pH 8-3, but 
as any carbon dioxide in the alkali will be present 
as sodium carbonate the HCI wall react with it 
between pH 12-2 and 8-2, thus 

NagCOaf Hpl NaHCOg+NaCI, 

with the consequence that the HCI titre to 
phenolphthalein will include both the free alkali 
and the sodium carbonate. The use of Methyl 
Orange will involve the still further rejdacement 
reaction : 

NaHCOaH HCI NaCl hH2C03 

for it takes place between pH 8-4 and 4-4. 

2. Weak Acid NeidraliHed with a Strong Base. 
—For practical purposes, the Law of Mass 
Action, when the ion c;oncentrations are inter¬ 
preted in terms of the Arrhenius theory by 
means of a-^AcJA^^ applies to the ionisation of 
weak acids (a) at different dilutions V (in the 
form of the so-called Ostwald Dilution Law% 
K----a-l{{l~a)V}y and (b) in the presence of 
salts having a common ion. In actual fact, 
precise measurements of (conductivity and c.m.f. 
show that the dissociation constant, A, 
diminishes slightly as the concentration is 
reduced. This may be seen from Table VI, 
which is based on the conductometric data for 
acetic acid of Maclnnes and Shedlovsky (J. 
Amer. Chem. Soc. 1932, 54, 1429) and on the 
hydrogen electrode data of A. A. IVIoss (Ph.D. 
Thesis, London, 1930) for mandelic acid. 


Table VI. 


Ac(‘tic acid (2r>°c.). 

Concii. 

K. 

p/i. 

005230 

1-811 X JO-5 

4-74 

00()5912 

1-798 XI 0'5 

4-745 

0001028 

1-781 XlO-5 

4-75 

0()00153 

1-707 XlO “5 

4-75 

0-0000280 

1-760x10-5 

4-75 


Mandelic acid 


Conen. 

K. \ 

p/i. 

0-09025 

4-05x10“-* 

1 3-33 


0-009025 

4-17x10 •* 

1 3-38 


0-0009925 

3-79x10 -* 

3-42 

_ 


A similar diminution in the dissociation con¬ 
stants of dibasic and tribasic acids with dilution 
has been observed, as may be seen from R. Gane 
and C. K. Ingold’s data for malonic acid obtained 
with the hydrogen electrode at 25® (Table VII) 
(J.C.S. 1931, 2153). 
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Table VII.— ^Appabent Dissociation 
Constants op Malonio Acid at 26°. 


Conen. 

0 05 M. 

0 02 M. 

001 M. 

0 004 M. 

0 00125 M. 

Aflu • 

1-77 

1-58 

1-54 

1-51 

1-49 

X 10-3 

X10“3 

xlO-3 

X 10-3 

xlO-3 

PAo, • 

275 

2-80 

2*81 

2*82 

2-82 

•^a2 * 

4-12 

2-55 

240 

2-11 

212 

X 10~e 

X 10-® 

xlO-6 

xlO-6 

xlO-6 


5-39 

5-59 

5-62 

6-68 

607 


When the dissociation constants are expressed 
in the form of (i.e., — logioA^,), it will be 
observed that the deviations almost disappear; 
in fact, the pA® values are so nearly constant 
that the deviations will not materially affect the 
following considerations. 

Throughout the neutralisation of a weak acid, 
HA, with a strong base, c.gr., NaOH ; 

HA-j NaOH NaA+HjO, 

the hydrogen-ion concentration will depend on 
the extent to which the ionisation of the un- 
neutralised acid, HA ^ H’-f-A', is repressed 
by the common anions. A', originating from the 
salt, NaA, that is progressively being formed. 

Hence ^- 

therefore 

1 PLj.T 1 acid+l^^' lex salt ^ 

- logio [H logio --- 

, 1 _Jex acidlex saltl 

or pH=pAa4- logjo-- 

lex acid’ 

therefore [HAI-C, 


less, the pH values prevailing during the final 
portions of the titrations are lower than required 
by the equation. This is caused by the occur¬ 
rence of some hydrolysis of the salt, NaA, 
formed, or more accurately by the equilibrium 
NaOH f HA ^ NaA+HgO,' or ionically: 

HA+OH'^ A'+HgO. 

Hence [HA]^=[OH'], and consequently 

,r , 1 ^ HA app'irciitly nentraJised"" -1 

pAa+ logio rr- Tfn^n 

app ireiitly uii-ncutrali8ed“>^ J 

The equation: pH=-pAfl+ log^o {a:/(100-.r)} 
gives wAat might bo regarded as the fundamental 
relationship betw^een pH and x throughout the 
neutralisation of a weak acid, from which the pH 
values in Table VIII liave been calculated. 


Table Vlll. 

.r. 

1)11. 

?/. 

01 

pAa-3-00 

99-9 

1-0 

pAa“2-00 

99-0 

r>-() 

pA,-l-28 

960 

iO-O 

p A,,-0-95 

90-0 

20-0 

pA'a—0 00 

80-0 

30-0 

pA«-0-37 

70'0 

400 

pAa-0-17 

000 

600 

piTa 

50-() 

00-0 

pA^H'0-17 

40-0 

70-0 

pAa+0-37 

30-0 

80-0 

pAtt-4'0'00 

20-0 

90-0 

pA«-b0-95 

10-0 

950 

pA^4-l*28 

5-0 

990 

p A'ft-f 2-00 

10 

99-9 

pA’'fl+3-OO 

01 


and assuming that the salt, NaA, formed is 
completely ionised, it follows that 

lex 8alt~^NaA~^HA neutraliaed 

whence 

^TT I 1 I'^^HA neutralised! 

pH==pAa+ logio 

^HA un-neutralised 1-“ i 

In the case of weak acids having A= or less, 
[H]* is negligibly small when compared with 
either neutralised ^HA un-neutralised' 
that the equation may then be simplified to 

^HA un-neutralised 

and if x bo the percentage neutralisation, then 
pH=pA-f logio {xl(100-x)] 

Somewhat higher pH values than those cal¬ 
culated from this equation are set up, depending 
on the concentration of acid used in the early 
stages of the neutralisation of weak acids of 
which K is 10~®-10-®, owing to the fact that 
then the concentration of salt NaA, has not 
become sufficiently large to repress the ionisation 
of HA to negligible dimensions. The un¬ 
simplified expression must then be used. In the 
case of very weak acids, Aa«sabout and 


The pH value at 50% neutralisation is seen to 
be equal to the pKa value. For acetic acid 
A''ff = l-8x 10“® and therefore pAj=4-74, i.e., 
pH~4'74. The shape of the weak acid curve is 
shown in Fig. 2 and the effect of the pAV/, of an 
acid is merely to raise or lower neutralisation 
curve with respect to the pH scale. Table VIII 
shows that between 10% and 90% neutralisation 
the pH changes from pA—0-95 to pA-f-0-95, 
^^c., only an increase of 1-9 pH units although 
80% of the neutralisation occurs. During tlie 
first 10% and the last 10%, however, the pH 
changes are considerable. Thus from 0*1 to 10% 
the pH changes from pA^—3 00 to pA^—0-95, 
an increase of 2*05 pH units, and a similar in¬ 
crease occurs from 90 to 99-9%; whereas from 
1 to 10% the pH changes from pA^"~3-00 to 
pAa—0'96, an increase of 2-05 pH units, and a 
similar increase occurs from 90 to 99-9%; 
whereas from 1 to 10% and 90 to 99% the in¬ 
creases are each equal to 1*06 pH unit. For 
titrimetric work it is sufficient to consider as 
the pH range within which the neutralisation of 
a weak acid takes place tvs beginning with the 
pH value at 1% neutralisation, vk., pA"'—2-00 
and ending at the pH value at 99% neutrali¬ 
sation, viz., pA-f2‘00. To sum up: aweahmeid, 
in effect, begins to he mutralised at pH«spArt—2, 
is haLffmubralised at pH^spA and is compietelg 
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neutralised at pH=^pjK’a+2; a totcU pH range of 
4 pH units. 

Conversely, a weak acid, HA, is progressively 
liberated from combination as the salt of a 
strong base, NaA, by a strong acid, e.gr., HCI, 
thus: 

NaA+HCI -> NaCI+HA 

between pH=p7f^,-f 2 and pH —piCa—2, and the 
change in pH is that given in Table VI, y being 
the percentage of HA replaced by the strong 
acid. 

The range from a:==10 to a:~90 is buffered 
to the action of alkali, whereas the range 
y- 10 to 7/=90 is buffered with respect to the 
action of strong acids. In other words, within 
this range tlio system is such that it resists the 
action of acids in setting up low pH values and 


the action of alkalis in setting up high pH values. 
The maximum buffer-action to either acids or 
bases is when a:=7/=50%. 

It might be questioned why the pH value at 
99% neutralisation is chosen as indicating the 
effective end cjf neutralisation, so much so that 
it is advisable to select an indicator, the virage 
of which is just above pH=pira+2. Unless an 
acid is very weak the slight hydrolysis of the salt 
formed does not affect the pH until the theo¬ 
retical quantity of alkali for complete neutrali¬ 
sation is added, owing to the extremely low 
concentration of weak acid that is necessary to 
repress hydrolysis. The pH value at the 
stoicheiometrical end-point, by putting x^lOO 
in the fundamental equation would appear to be 
infinity. Actually, at this point the pH is 
set up directly by the hydrolysis of NaA. 



Percentage Neutratisation Excess of Alkali 
with a Strong Base 


Fia. 2. 


pH Value at a: -100.—Consider the hydrolytic 
equilibrium: 

NaA-f HgO 5?=^ NaOH-f HA. 

If it is assumed that NaA and NaOH are com¬ 
pletely ionised and that, in comparison, the 
ionisation of HA is negligible, it follows that 

A'+HgO ^ OH'+HA 

for which 

jr=[OHlHA]/[A'][HaO] 
i.e., i:x[Hj 50 ]-/fx (1,000/18) 

-i^A=[OH'][HA]/[A']. 

Multiplication by [H*]/[H‘] gives 

^A-[H*][OH']x[HA]/[H-IA']-irWA^«* 
Also [OH']-[HA] and A^tt;-[H‘][OH1 


and therefore 

[H-j=V{A:aAV[A']} 

If c=concentration of NaA, then [A'] ^ ^ c—[ O H'], 
but if [OH'J is negligibly small compared with r, 
then [H*]=V'{Aa . A«;/c}, whence it follows that 
pH=4(pAM,+pA^,-f logioc). 

As an example, reference may be made to the 
neutralisation of acetic acid, for which p A =4-74 
and therefore the pH at 99% neutralisation is 
6-74, whereas when c= 0 * 1 n. the above equation 
gives pH=J(14-f*4*74-f logj0 0*1)=8-87 and 
when c—O-OlN., the pH=8 37, from which it 
will be seen that during the neutralisation of the 
last 1% of HA a relatively large increase in pH 
occurs, which in the case of a weaker acid would 
necessitate the use of an indicator, the colour 
change of which would take place at high pH 
values that are such as would lead to substantial 
errors in titration. 
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In these oalenlations, use should be made of 
the “ apparent ” dissociation f:onstant at the 
desired coTicentrations. But as the constants 
generally recorded are the so-called “ thermo¬ 
dynamic ” constants, denoted by ka^ considera¬ 
tion must he given to the elTect that they might 
have on the pH values during neutralisation. 

As e.m.f. deter¬ 

mination with the hydrogen electrode is sup¬ 
posed to give a measure of a^-, the activity 
of the hydrogen ion, it appears that the 
“ apparent ” dissociation constant, 

But as i-a-{aH X[A']x/A-}/{[HA]x/HA}, / 
denoting the activity coellicient, it follows that 

(/a,//ha) 

i.e.., pA',, pi,,+ Iog,„ (/a'//ha)- 

Combination of this c([uation with 

pH-pA^,-f logio ([A'1/1HAJ) 

loads to 

pH=^P^-„+ logio ([A'J,THA1)+ Jog,„ (/a-//ha). 
whence by assuming that /ha^~ 

pH=p<„+ login ([A']/[HA])+ login/A'. 

Unfortunately, the activity coefficient of a single 
ion cannot be experimentally determined, but 
in extremely dilute solutions it may be computed 
with the aid of the Debye-Hu('kcl equation: | 

where 2—valency of the ion, and A for w'atcr 
=0-48()3 at 0°, 0-4992 at 18°, 0-5056 at 25°, and 
0-5186 at 38°c., and jj, is the mean ionic strength. 
This concept was introduced by Lewis and 
Randall (J. Amer. Chera. Soc. 1921, 43, 1112) in 
order to refer the mean ionic activity of an 
electrolyte to the total electrical state of the 
solution. It takes into account all the ions 
present in the solution such that 

/x=ii7(concentration of each ion) 

X (square of its valency). 

(For fuller details of the calculation of p for 
weak acids undergoing neutralisation the reader 
is referred to H. T. S. Britton, “ Hydrogen 
Ions,” 3rd ed.. Chapman and Hall, 1942, Vol. 1, 
pp. 288-292.) 

Indicators.—^As far as the colour change of 
indicators is concerned, following Ostwald’s sug¬ 
gestion, they generally may be regarded as weak 
acids, H In (or weak bases InOH) such that one 
colour may be considered as due to the undis¬ 
sociated acid (or base) and the other to the 
ionised form: 

HIn ^ H*+ln' 

Colour 1 . Colour II. 

InOH ^ ln*-fOH' 

Colour I, Colour II. 

Owing to the weakness of HIn, the In' ions 
are completely formed only when the acid has 
been neutrah’sed with a strong base in the form 


of a salt, ionising thus: Nain Na'-f In'. 
During neutralisation, which will be governed by 

pH=^pAHln+ logjo([ln']/[Hln]), 

if the intensities of Colour I and Colour II which 
together make up the colours assumed by the 
indicator as it is progressively neutralised are 
proportional to [HInJ and [In], respectively, 
then the above expression becomes 

Intensity of Colour II 
p —p i^HIn f Intensity of Ck)Iour I 

The human eye, unaided, is unable to detect 
the faint change in colour during the hrst 10% 
and the last 10% neutralisation of an indicator. 
It is between 10 and 90% neutralisation that the 
gradual diaiige in colour (tlie virage) can be 
readily perceived and, as Table Vlll shows, the 
virago takes place w ithin the pH range: 

ll^%) pH-pA^HIn 
-t-0-95 (at 90%), which thus extends over 1-9 pH 
units. This is approximately the magnitude of 
the transition pH interval of the majority of 
indicators, excepting those of vegetable origin, 
e.g.y litmus. For practical purposes, the range 
of an indicator which yields “ acid ” and 
“ alkaline ” colours to w-hich the eye is not 
ecpially sensitive the pH range beciomes some¬ 
what less than 1-9 pH units. Thus for methyl 
orange, pA"Hin~3-7, but its useful range is 
pH 3-0 to pH 4-6 owing to the eye being more 
sensitive to red than to yellow, thereby causing 
its initial pH to be 3-0 izistead of pH 2-75. 

The colorimetric determination of the pH 
value of a test solution may be made ; 

(a) By comparing the colour, produced by 
adding a suitable volume of indicator to the 
test solution to impart to it a pale but definite 
tint, with the colours of a series of standard 
buffer solutions which differ in pH value by 0-1 

I or 0-2 unit, each standard having the same con- 
j centr«ation of indicator that was used in the test 
solution. The pH values of these buffer solu¬ 
tions should correspond with that of the pH 
range of the indicator. When necessary, com¬ 
pensation should be made for any colour 
possessed by the test solution. To avoid “ salt- 
errors ” of the indicator the ionic strength of the 
teat solution should be approximately equal to 
that of the standard buffer solutions. Another 
source of error is that which may be caused by 
the indicator itself in imparting to the test solu¬ 
tion a concentration of hydrogen ions. With 
such unbuffered solutions, a method based on the 
principle of isohydry must be adopted {sec 
H. T. S. Britton, op. cit.y Vol. I, pp. 371-374). 

(b) By methods baaed on a knowledge of J^nin 

and comparing the colour imparted to the test 
solution with the composite colours obtained 
when x% of the indicator is,in the In' form and 
(100—a:)% is in the HIn form. When the 
colour produced in the test solution is identical 
when viewed through the same depth of solution 
as that through which the composite colour is 
observed, then pH—pA'HinH-logic a:)} 

(H. T. S. Britton, op. city pp. 339-356). 

The Neutralisation of Mixtures of 
Monobasic Acids. —If the pKa values of two 
acids, say HX and HY, differ by 4 or more 
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units, i.e.f pA"|-(Y“PA"hx^ 4, the neutralisation 
of the stronger acid, HX, will effectively end at 
at pH^pA’hx+ 2, whereas the neutralisation of 
the weaker acid will begin at pH=pA^HY~2, 
which pH value will be higher than, or the same 
as, the former pH value. Consequently, the 
termination of the neutralisation of the stronger 
acid, HX, will result in a sharp rise in pH which 
may be located by titrating, (a) to the colour 
assumed by an indicator corresponding to the 
pH at the point of inflexion of the pH curve, or 
(b) to the change-point of an achromatic in¬ 
dicator adjusted to indicate this pH. Acetic 
acid, pA^4-74, and boric acid, pA = 9-24, con¬ 
stitute 8U(‘h a mixture {see Fig. 8, for which the 
point of inflexion will bo at pH 7 0). Fig. 3 
shows the change in pH which occurs during the 
neutralisation, with O lN-NaOH, of a solution 
of hydrochloric, acetic, and boritr ac'ids, each 
being O In. Neither the first nor the third 
inflexion is sulliciently well-defined for the end- 


I points to be accurately determined by means of 
indicators. The addition of an excess of glycerol 
or mannitol lowers the whole of the boric acid 
section in such a way that its end-point is 
indicated by phenolphthalein, although as the 
broken line shows the inflexion marking the end 
of the neutralisation of acetic acid will thereby 
be obliterated. 

The Neutralisation of Di- and Tri-basic 
Acids with Strong Bases. —As far as the 
neutralisation of polybasie a(uds is concerned 
they may be considered as mixtures in equivalent 
proportions of separate monobasic acids. They 
will undergo successive neutralisation in the 
order of their relative strengths. The strong 
acid stage of ionisation will be neutralised first, 
to be followed by the weak acid stages in the 
order of their increasing pA"^ values. The pH 
range required for the neutralisation of weak 
acid, viz., pA^a—2 to pA"a+2, applies, but if 
pA'flfi, p pA^tfj (referring to the first, second, 



NaOH 

Fio. 3. 


and third stages of ionisation, respectively) do 
not differ greatly from one another, the pH 
ranges corresponding to the different acid stages 
will overlap, with the result that the inflexions 
marking the end of each stage of neutralisation 
will become ill-defilied or may be entirely absent. 
This will occur, as may be seen graphically by 
placing the neutralisation curves of two weak 
acids side by side, the dissociation constant of 
the first acid being 10-100 times that of the 
second acid. (Consider, e.g., the constants of 
citric acid, Table IX, and the titration curve in 
Fig. 4.) 

Table IX and Fig. 4 serve to illustrate the 
pH curves of di- and tri-basic acids. The 
magnitude of the inflexions, including the pH 
values at the equivalence points, will show 
whether they can be accurately located by means 
of indicators. 

Beference should be made to the neutralisation 
of H 2 S. As its 'pKai is 7*0 the neutralisation of 


the first stage : HgS f NaOH -v NaHS-bHgO 
will be complete at pH 9, for which thymolphtha- 
lein is a suitable indicator. But the pA'a2 of 
HgS is 14-9, from which it is seen that the 
neutralisation pH range is from pH 12*9 to 
pH 16-9. Such a high pH value as 16*9 cannot 
be reached even with the most concentrated 
solutions of alkali, which means that in solution, 
NaHS cannot be completely converted into 
NagS: thus in the presence of an excess of 
O-lN-NaOH, i)H 13-07, the neutralisation can 
proceed only to 2-3% of the second stage. 

The Reaction between a Strong Acid 
and (i) a Weak Base, (ii) a Sait of a 
Strong Base and a Weak Acid.— 
(i) Fig. 5 shows the titration curve of 0-1 n- 
H CI with N H 4O H . As the equation 

HCI+NH4OH -> NH4CI+H2O 

shows, NH4CI is formed, so that as soon as th^ 
HCI has been converted info this salt the pH set 
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Table IX. 


Acid. 



Kar 

J>Aa 2 - 


Vl^ay 

Sulphuric, H 2 SO 4 .... 

Strong. 


Strong. 

— 



Oxalic, H 2 C 2 O 4 . 



10-4 

4-0 



Sulphurous, H 2 SO 3 . 


— 

5x10-8 

5-3 



Chromic, H 2 Cr 04 .... 


— 

44 X 10-’ 

6-4 



Carbonic, H 2 CO 3 

3x 10-’ 

6-5 

0 x10-11 

10-2 



HydrosuJphuric, HgS ... 

9x 10-* 

7-0 

l-2x lO-i-'^ 

14-9 



Phosphoric, H 3 PO 4 . 

Strong. 

— 

1-Ax 10-7 

6-9 

2-7x10-12 

IIG 

Arsenic, H 3 ASO 4 .... 

5-Ox 

— 

1-7x10-7 

0-8 

3-0x10-12 

H-5 

Citric, H 3 CgH 0 O 7 .... 

1x10-3 


2-5x10-8 

4-6 

1-5x10-8 

5-8 


up by the increasing excess of NH^OH will be 
governed by the two ionisations : 

(1) NH^H ^ NH^M OH', 
for which 

A' 6 =[NH 4 J[ 0 H']/[NH, 0 H] and 

( 2 ) NH 4 CI NH ^*-1 Cl', 

BO that 

pOH=.pA’ 6 + ]og([NH 4 -J/LNH,OH]), 
and because 

pA'*4,=pH+pOH 

it follows that 

pH=pA^t^-pA 6 - log ([NH^-J/LNH^OH]). 


The change in pH after the equivalence point 
reveals the presence of a buffer system which, as 
the foregoing equation shows, is produced by tlu^ 
varying ratio of [NH 4 *] and [NH 4 OH], /.e., of 
( N H 4 CIJ : [N H 4 O H]. The pH value on adding 
two equivalents of NH^OH is given by 
pH--pA"i(,—-pA^, for then [N H 4 *J=[N H 4 OH]. 

(ii) Two curves are given in Fig. 5 representing 
the pH values set up when an excess of NagCOg 
is added to HCI. From the equation : 

2 HCl+Na 2 C 03 2NaCl4-H2C03, 

it is seen that HgCOg is progressively liberated, 
of which, at ordinary temperature, some will 
remain in solution, whereas on boiling the 
carbon dioxide can bo driven off. The upper¬ 
most curve represents the pH values that will 



be established in the latter instance owing to the 
hydrolysis of the added Na^COn. The lower 
curve gives the pH change if all the H 2 CO 3 
remains in solution and none escapes as carbon 
ilioxide. In such a case, the buffer action will 
be caused by 

HgCOg+NaaCOa ^ 2 NaHC 03 


or ionically by 

HaCOg^ H'-fHCOg', 
i.e., pH-piira,+ log ([HCOg'J/fHaCOa]). 

Actually, some carbon dioxide will be lost with 
a consequent reduction in [H^COg] an<i a 
corresponding increase in pH, 
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Borax is strictly speaking an acid salt of a 
weak monobasic acid, HB 02 » pA'^—9-24, for 
in solution it exists as 

Reaction with HCI takes place thus : 

HCH-NaB02,HB02-> NaCH 2 HBO 2 . 

The pH values after the end-point are given by 
pH~pAra',+log ([BOg'l/EHBOa]), in which 
[BO 2 '] will be determined by the amount of 
borax added, and [HBO 2 ] by the boric acid 
liberated plus the boric acid jjresont in the excess 
of borax. Thus when two equivalents of borax 
are added, [B 02 ']/[HBOo]== and the pH 
--:9-24-log 3=pH 8-76. 

Precipitation and pH.— Hydroxides .—^Tho 
addition of alkali or ammonia to a solution of a 
metal salt (nitrate, chloride, sulphate, etc.) | 
generally causes the precipitation of a basic salt 
of indefinite composition. In a few cases only, 
e.ry.,silver and magnesium, the oxide or hydroxide 


is obtained, whilst in few cases if the alkali is 
slowly added, with stirring, well-defined basic 
salts of definite composition arc obtained, e.gr., 
3Cu( 0 H) 2 ,CuS 04 ,H 20 (see Britton, J.C.S. 
1925, 2790; 1920, 2808). Nevertheless, the 

precipitation of basic salts depends on obtaining 
the concentrations demanded by the solubility 
product of the hydroxide involved, i.e., the 
metal-ion (concentration and the hydroxyl-ion 
concentration. For ordinary analytical opera¬ 
tions, the order of the concentration of metal 
ions does not vary widely, and in consequence 
pre(;ipitation depends mainly on the setting up 
of the necessary hydroxyl-ion concentration 
required by the solubility product. As Kw 
.-[H-][OHa it follows that the attainment of 
this concentration of hydroxyl ions will be 
indicated by the establishment of the corre¬ 
sponding eonccuitration of hydrogen ions. In 
other words, preciiutation will depend on pH. 
Table X gives the pH values that must be 
reached before the metal hydroxide or basic salt 



Sodium Salt, Equivalents 

Fio. 5. 


begins to precipitate from dilute solutions of 
salts of strong acids (H. T. S. Britton, “ Hydro¬ 
gen Ions,” Chapman and Hall, 1942, Vol. 2 , 
p. 79.) 

Table X. 


Salt of 

pH 

Salt of 

pH 

Mg- . . 

10-5 

Be” . . . 

57 

Ag* . . 

7-5-8-0 

Fe- . . . 

5-5 

Mn” . . 

8*6-8-8 

Cu” . . . 

5-3 

Hg-(C10 . 

7-3 

Cr- . . , 

5*3 

Zn- . . 

7-0 

Al- . . 

41 

Co” . . 

6-8 

Hg2- . . 

30 

Cd- . . 

6-7 

Hg-(NO30 

20 

Ni- . . 

6-7 

Sn- . . . 

2-0 

Pb- . . 

60 

Fe- . . 

2-0 j 


Consideration of the buffer system, 

NH^^CI+NH^OH, 

illustrated in Fig* 5 will show why NH^OH in 


the presence of a sufficient concentration of 
NH 4 CI prevents the attainment of the mag¬ 
nesium and manganous hydroxide precipitation 
pH values and thus prevents their precipitation. 

The attainment of the “ hydroxide pH ” is the 
determining factor in the precipitation of basic 
salts of weak acids, e.g.^ chromates, carbonates, 
borates, silicates (Britton, J.C.S. 1926, 125; 
1927, 425). 

Sulphides ,—For the precipitation of sulphides 
the concentrations of metal ions and sulphide 
ions together must satisfy the solubility pro¬ 
duct requirements. Furthermore, [S"] is depen¬ 
dent on the successive ionisations of HgS : 

HgS ^ Arai=[H ][HS']/[H2S] 

and Xa 2 =[H-][S"]/[H 8 T 

The sulphide-ion concentration, 

Ara2.[H2S]/LH*n 

is thus dependent on [H*], and this explains 
why the most insoluble sulphides only are 
precipitated from solutions of low pH, whereas 
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the more soluble sulphides are not precipitated 
until pH 8-9, when the solution has been 
rendered ammoniacal and the HgS has been 
neutralised to the extent, NH^HS (r/. Fig. 4) 
and HS' ion is free to ionise unimpeded by 
hydrogen ions. 

Carbonates and Phosphates .—In the ])recipita- 
tion of carbonates and phosphates the [CO./'J 
and will depend on the hydrogen ion 

concentration, as this is the predominant factor 
in the successive dissociations of the respective 
acids. The p H in turn >vill depend on the extents 
to which these ac ids may have been neutralised 
(Fig. 4). Thus the most insoluble phosphates, 
viz., FeP 04 , Sn 3 (P 04 ) 4 , Th 3 (P 04 ) 4 , and 

AIPO4 precipitate from solutions at pH 2-4, 
whereas the phosphates of calcium, strontium, 
and barium necessitate values of about pH 7. 
It is on this that the various analytical phos¬ 
phate separations are based. 

For a discussion of the significance of pH in 
oxidation-reduction systems and in many in- 
dustrija-l processes, refer(?ncc should be made to 
H. T. S. Britton, “ Hydrogen Ions,” Chapman 
and Hall, 1942, Vol. II. 

H. T. S. B. 

COMMERCIAL APPARATUS FOR THE 
DETERMINATION OF pH. 

General. 

The growing appreciation of the significance 
of pH has led to a demand for reliable apparatus 
for its accurate deterraination such that (!om- 
inercial equipments are now available covering 
wide fields of application. The simplest in con¬ 
ception, and probably the cheapest, are based 
upon colorimetric methods; the majority, how¬ 
ever, are electrometric and range from straight¬ 
forward instruments for the direct measurement 
of electrode potentials to complex systems for 
the continuous recording of pH and for its auto¬ 
matic control within close limits. Between 
these extremes lies a wide variety of instruments 
meeting practically every requirement of the 
laboratory and of industry. 

Colorimetric Methods. 

Indicators. —In general, indicators are sub¬ 
stances which impart to a solution under test a 
colour dependent upon its jjH value, and for 
reasonably precise pH determination they must 
show a complete colour change over a short 
range of pH. The following greatly abridged 
list of such indicators is arranged in ascending 
order of pH. 


Indicator. 

pH range. 

Cresol Red. 

0-2- 1-8 

Thymol Blue. 

1*2- 2-8 

Bromophenol Blue .... 

2*8- 4-6 

Methyl Red. 

4-2- 6-3 

Bromothymol Blue .... 

6 0- 7-6 

Phenol Red.. 

6-8- 8*4 

Thymol Blue. 

8*0- 9-6 

Phenolphthalein*. 

8-3-10-0 

B.D.H. 9011 Indicator . 

90-110 

Alizarin. 

1I-0-13-0 


To facilitate the rapid estimation of the 
approximate pH of a liquid, universal indicators 
are available which in the range pH 3-11 show 
the whole spectrum from red to violet in the 
correct order; in addition many special in¬ 
dicators are obtainable for particular appli¬ 
cations su(‘h as the pH determination of glue or 
gelatin, for tests on soil, or for use in screened 
ultra-violet light. 

An indicator may be used for pH determina¬ 
tion in conjunctioji with a scries of buffer solu¬ 
tions having known pH values within the 
range of the particular indicator. A given 
amount of the indicator is added to the test 
solution and to each bulTer, the pH of the test 
solution being that of the buffer with which it 
finally matches. 

Comparators.—To avoid the necessity for 
preparing a scries of buffer solutions and to 
simplify correct matching in the case of initially 
coloured or hazy test solutions, comparators are 
available which largely overcome these diffi¬ 
culties. Various types are available, some of 
which depend upon a scries of standard buffer 


ABC 
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tubes while others make use of permanent 
colour standards; an example of the former is 
given in Fig. I, in which compensation is made 
for the inherent colour of the liquid as shown, 
viewing being through the same thickness of 
fluid throughout. Three test-tubes are filled 
with the liquid under test and placed in the 
spaces A, li, and c of the comparator. The 
requisite amount of indicator is added to tube b 
only and in front of it, in position e, is placed a 
tube of distilled water. The standard buffers 
are placed in positions d and r and the colours 
compared by viewing in the direction of the 
arrow. 

Of the types making use of permanent colour 
standards, which may have accuracies of the 
order of pH unit, the smaller kinds are for 
use with tost tubes, while larger models accom¬ 
modate glass cells having plane faces which 
present a perfectly uniform colour field for 
matching purposes. Such a device is briefly 
described below. 

The instrument has two viewing apertures, 
the right-hand aperture disclosing a sample of 
the solution under test to which indicator has 
been added, while the left-hand aperture dis¬ 
closes an untreated sample in order that any 
initial colour of the test solution may be com¬ 
pensated. In front of the left-hand aperture 
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rotates an interchangeable disc carrying a series The comj^arator is supplied complete with the 
of transparent colour standards which pass in necessary accessories, and colour discs are avail* 
turn across the aperture and rcjiresent—in small able for such special applications as the pH 
steps—the exact colour changes undergone by determination of nickel plating solutions, 
the corresponding indicator with variation in necessitating compensation for salt errors. 
pH value. 

Having established a match between the colour Electrometric Methods. 

standard and the treated solution under test by In vi(^w of the fact that change of pH in an 
rotating the disc, the corresponding pH value is af|ueouH solution is essentially an electrochemical 
disclosed at an aperture near the bottom right- pht'nomenon, it is reasonable that the deter- 
hand corner of the instrument. mination of j)H should be undertaken by direct 
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electrical means—particularly as the logarithmic 
nature of tho unit of pH results in a substantially 
linear relation linking pH value with the e.m.f. 
developed between a suitable electrode and tho 
surrounding solution. 

The normal standard of reference is the 
hydrogen electrode and this type (in practice 
comprising an electrode of noble metal round 
which hyi’ogen gas is bubbled) is available for 
laboratory purposes in various physical forms. 
The potential between the hydrogen electrode 


and a solution at a temperature of <®c., derived 
from the elementary theory of the hydrogen 
concentration coll, has the folio wing.relationship 
with pH; 

^fl={HT/nF)loge ([H‘y[H-]2) 

=0-0001983(273+e)pH. 

It follows, however, that the practical 
measurement of such a potential involves the 
introduction into the solution of a second 
(reference) electrode having characteristics such 
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that its own potential relative to the solution— 
ideally zero—is invariable with pH. It is also 
apparent that any measuring system should 
impress the smallest possible load on the 
electrode system, and further, that if a mea¬ 
suring device is to he calibrated directly in pH 
units, it must be fittoti with some form of 
temperature compensator. 

Electrodes other than the hydrogen electrode 
are the more largety useJ in commercial practice, 
partly to a\'oid the inconvenient necessity for a 
supply of hydrogen gas and j)artly because of its 
unsuitability in the presence of oxidising and 
other agents. Some electrodes in common use 
are shown in Fig. 2 ; in the figure, a illustrates a 
complete glass/calomel system with capillary 
salt bridge and three-way co(;k for flushing and 
cleaning, b shows an individual calomel reference 
electrode with salt bridge, wliile c is a sealed 
glass electrode and D an antimony electrode con¬ 
sisting of a plug of the metal fitted to the end of 
a glass tube. Elect)rodo e is a platinum plate 
attached to a glass tube which may be used for 
A'/i measurements or for pH determinations in 
the presence of quinhydrone. F depicts a form 
of hydrogen electrode through which hydrogen 
is bubbled; o is a specialised glass electrode 
assembly suitable for dcalmg with very small 
quantities of test liquid—such as blood or sera— 
without atmospheric contact. 

Certain of these basic types are discussed 
below in greater detail. 

Electrodes and Electrode Systems.— 
Whatever type of electrode is employed in the 
determination of pH, it involves the use, as 
pointed out above, of a second electrode which 
is itself immune from the effects of change in pH, 
the most common being the saturated calomel 
electrode with potassium chloride salt bridge. 
Such a reference system can, for working pur¬ 
poses, be regarded as producing a constant e.m.f. 
for which allowance can be made, no contact 
potential being developed at the liquid junction 
itself. The latter may take a variety of forms, 
but often consists of some kind of sinter, porous 
bung or ground glass leak through which the 
potassium chloride solution slowly seeps, the 
supply being maintained by a storage reservoir. 
Fig. 3 illustrates one form of construction in 
some detail. 

Electrodes employed for actual pH determina¬ 
tion differ widely, but the choice of basic type 
depends largely ujjon two main factors : 

1. Suitability, or otherwise, for use in con¬ 
nection with a given application—some elec¬ 
trodes being adversely affected by a particular 
solution to be tested. 

2. Whether or not a significant load is to be 
imposed on the electrode system by the mea¬ 
suring apparatus, or whether the input to such 
apparatus offers a virtually infinite impedance 
—for example, an electrostatic or thermionic 
electrometer. 

The antimony electrode is an example of the 
“ robust ” type, both in the physical sense and 
also in the sense that it is of low resistance and 
may be connected directly to a galvanometer or 
other current-operated device. Although the 
use of the electrode is subject to certain restric¬ 
tions—^for example, it is unsuitable in the 


presence of strong oxidising agents—it is very 
suitable for many industrial applications and is 
successfully used in certain commercial pH 
recording systems. 

The glass electrode, on the other hand, can 
hardly be described as robust in the generally 
accepted sense but has the groat advantage that 
it is extremely versatile in application and has a 
linear pH/e.m.f. charaoteristio over the major 
portion of tho pH scale. The greatest non¬ 
linearity which may bo expected at the higher 
pH values is due to sodium ions —see Fig. 4: 
in practice this shortcoming docs not by any 
means preclude the use of the electrode in this 
region, as the associated measuring e(|uipinent 



may be set up on known buffer solutions which 
themselves have values of the same order. 
Despite the fact that the inherently high internal 
resistance normally necessitates the use of a 
thermionic valve electrometer, the general 
advantages of tho glass electrode are such that 
it has achieved very considerable popularity. 

Commercial versions of the glass electrode 
differ from each other m design, but the follow¬ 
ing description of a typical product should bring 
out the main constructional points. The elec¬ 
trode under review consists of a small bulb of 
special low-resistance glass, about 0-05 mm. in 
thickness, sealed to a stem made from glass ex¬ 
hibiting a much greater resistance to ion transfer,, 
errors due to variable depth of immersion thus 
being elimmated. The stem inooipmrates an 
auxihaiy bulb, just above the m^hrane proper 
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and of larger diameter, in order to afford pro¬ 
tection against mechanical damage. Electrical 
(?ontact with the membrane is established by 
means of a chloride solution sealed within the 
bulb, an internal electrode of the silver/silver- 
chloride typo immersed in this solution providing 
connection with the external screened lofid 
which emerges through a moulded cap at the top 
of the stem. The general arrangement of a glass 
electrode with spherical membrane is shown in 
Fig. 5. Electrodes of this type are also available 
with pointed membranes for insertion into semi- 
solids. 

While it is probably true to say that the precise 
functioning of the glass electrode is not fully 
understood in all its details, it may be crudely 
visualised as constituting a membrane which is 
pervious only to hydrogen ions; an osmotic 


analogy may then be drawn as illustrated in 
Fig. 6. 

Glass and other electrodes are commercially 
obtainable either individually or complete with 
a stand which also carries a reference electrode 
and thermometer or temperature compensator; 
one such an’angement is shown in Fig. 7, in 
which the reference electrode is of the typo 
having an external reservoir. Electrodes are 
also available suitably assembled for industrial 
applications either in immersion form or for 
in (corporation as pai:t of a flow system. More 
specialised arrangements of this typo are 
described later in the sections dealing with com¬ 
plete pH measuring and recording c(^uipments. 

Measuring Apparatus. —Electrodes of the 
low resistance type {e.g.y antimony, as opposed to 
glass) may be connected directly to a suitable 



millivoltmeter; the following is an outline 
description of a simple robust commercial 
instrument designed for this purpose and par¬ 
ticularly suitable for routine measurements or 
for use in schools and technical colleges; the 
apparatus has a total rang© of 1,200 millivolts 
and readings to 1 millivolt can be estimated. A 
two-position switch enables the meter to be 
connected to the electrodes or across a portion 
of an internal potentiometer for standardising, 
a dry cell providing the current for the potentio¬ 
meter circuit. 

In the case, however, of a high-resistance 
source such as the normal glass electrode having 
a resistance of the order of, say, 60 megohms 
(certain spetjialised glass electrodes have a very 
large surface area and correspondingly com¬ 
paratively high conductance), the us© of a valve 


electrometer is essential and it is a usual require¬ 
ment of such a valve that its input admittance 
should be unobtrusively small and invariable 
with applied e.m.f. A simple valve circuit is 
given in Fig. 8; in use the null indicator would 
first be centred with the switch in the set 
position and the condition of balance restored 
by adjusting the calibrated potentiometer, from 
which the e.m.f. from the electrode system could 
finally be read. It will, of course, be understood 
that, apart from the practicability or otherwise 
of such a circuit, allowance for the residual e.m,f, 
of the cell chain and for the temperature of the 
test solution would have to be made when cal- 
culating the pH value. 

A number of commercial instruments function 
as direct reading “ at a glance ” pH meters 
(i.e,, the pH of the test solution is indicated by 
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the pointer of a meter) and are essentially d.e. 
valve voltmeters with the necessary addition of 
controls for temperature adjustment and for 



setting up against standard buffer solutions. 
Other types—usually of somewhat greater pre¬ 
cision—are potontiometric in that the e.m.f. to 


bo measured is compared with that from a 
standardised potentiometer; they are elabora¬ 
tions of the simple circuit given in Fig. 8. 

The following is a description of a commercial 
laboratory-typo pH meter, a.e. mains operated 
and incorporating automatic temperature com¬ 
pensation. The instrument is essentially a 
sensitive electrometer of very high input resist¬ 
ance primarily designed for the determination of 
pH with the glass electrode system supplied ; the 
control dial is therefore directly calibrated in 
p H units as well as in millivolts. When switched 
to operate as a millivoltmeter, the automatic 
tenipcraturc compensator is disconnected. 

The instrument consists basically of a pre¬ 
cision potentiometer, standardised against an 
internal Weston cell, with a balance indicator 
cf)mprising an electrometer valve and galvano¬ 
meter. The range is pH 0-14 with an ac^curacy 
of _L0*02 pH unit, and, to simplify setting up, 
buffer solution tablets are provided. 

Keference to Fig. 9, which gives the circuit 
diagram in simplified form, will show that the 
e.m.f. from the standardised potentiometer is 
applied to the electrometer valve in series- 
opposition to the unknown e.m.f.; the valve in 
turn operates the bridge-connected galvano¬ 
meter balance indicator. When set up for 
making direct pH measurements, the resistive 
temperature compensator is immersed in the 
solution under test, its function being auto¬ 
matically to regulate the potentiometer e.m.f. 
in close conformity with the relation given 
below. 

0-1983(273+^)pH millivolts, 
where ^=temperature in °c., 

if’o=rcsidual electrode potential, and 

a—a constant determined by the cha¬ 
racteristics of the cell chain. 



The true pH of the solution at the working 
temperature is indicated. To obtain stability 
against fluctuations in a.c.-mains voltage, the 
d.c. output from the power pack—^not shown on 
the functional diagram—^is stabilised by a gas- 
iilled relay. (For use where an a,c. supply is not 
obtainable, a similar instrument is available 


which operates entirely from internal dry 
batteries.) 

The electrode system is mounted on a stand 
removable for external use, the electrodes them¬ 
selves comprising a glass electrode of the silver/ 
silver-chloride type and a saturated calomel 
reference electrode with potassium chloride salt 











433 


pH. 


bridge. For pH measureraents on the sera 
encountered in biological work, a special glass 
electrode system is available which operates 
with very small volumes—0-2“0*3 ml.; a closed 
electrometric titration unit is also available into 


which an atmosphere of inert gas may be intro¬ 
duced if desired. The importance of electro¬ 
metric titration methods warrants a description 
not only of this unit, designed as an accessory 
for use with a pH meter, but also justifies refer¬ 



ence to complete equipments designed for this 
specific purpose. The electrometric titration 
unit in question comprises a flask containing a 
glass electrode and a tube terminating in a 
sintered disc through which the liquid junction 


is made, mounted on a stand carrying a saturated 
calomel reference electrode and burette clamp. 
The reference electrode is connected to the 
sintered head by a rubber tubing, the other 
couplings to the flask also being flexible in order 



to allow mixing by swirling. The flask has two 
side necks in addition to a main neck terminating 
in a ground socket. The side necks carry the 
glass electrode, the salt bridge, and an inlet for 
purified air, while the flask head is provided with 
a flexible air-tight connection for the tip of an 
ordinary burette; it also boars an air outlet and 
VoL. IX.—28 


a water inlet tube with bead valve. When the 
end-point of the titration is being approached a 
fraction of a drop can bo collected on the burette 
tip, which is then brought against the side of the 
internal tube of the flask head and the reagent 
washed into the flask by opening the bead valve 
on the water inlet. 
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The following is an example of a complete 
potentiometric titration apparatus—as opposed 
to an fwjcessory for use with an existing pH meter 
“Which, in point of fact, was originally designed 
for the analyBis of steels, particularly those con¬ 
taining chromium and vanadium. Fig. 10 is a 
reproduction of a curve taken with this apparatus 
showing the titration of chromium as dichromate 
with ferrous ammonium sulphate (0-1n.). The 


apparatus comprises an electrode system with 
motor-driven glass stirrer, a potentiometer, and a 
spot galvanometer incorporating a lamj) and 
scale. The standard electrode system includeK 
platinum and calomel electrodes, mounted on a 
substantia] base together with a burette, a 
beaker, and a second burette for back titration. 
Special reference colls can bo supplied for par¬ 
ticular titrations. 


Reference Temp Glass 



The high-resistance potentiometer is supplied 
by two internal cells, the dial covering a range 
of O-2'O V. in steps, fine adjustment being 
obtained by a separate control knob. The 
battery switch has three positions— j^ormal, 
OFF, and REVERSE, facilitating the use of the 
apparatus for titrations in alkaline solutions 
without reversing any connections. The gal¬ 
vanometer has a uniform scale ICO mm. long 
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with centre zero, and the high resistance of the 
circuit ensures that polarisation has no serious 
effect on the accuracy of the titration. The 
approach of the end-point is denoted by tem¬ 
porary galvanometer deflections of increasing 
magnitude, the end point being shown by a 
sudden large permanent deflection. 

A type of commercial titration equipment of 
special interest is arranged for a.c*-mains 
operation and stabilised to overcome the possi¬ 


bility of drift during a titration sc^quemcc ; it is 
in two sections linked by multicorc cable “-a 
titration unit and a potentiometer unit. The 
former consists of a cast base and column ac¬ 
commodating a beaker, a pair of calibraU'fl 
burettes, the electrodes, and a glass stirring 
screw operated by an electric motor, the beaker 
platform incorporating a hot plate giving tlirt>e 
degrees of heat. The following electrodes are 
provided: two platinum, one tungsten, one 
hydrogen, and one calomel. 

The potentiometer unit has a somewhat 
unusual circuit as shown in simplified form by 
Fig. 11. The unit makes use of a lOO-cycle-por- 
sec. vibrating switch which connects an amplifier 
circuit alternately to the unknown potential and 
to a known potential developed across a cali¬ 
brated potentiometer circuit, the two potentials 
being of the same sign. If the setting of the 
calibrated potentiometer is such as to produce a 
difference of potential when compared with the 
unknown, then a 100-cycle pulsed waveform will 
appear across the input to the amplifier, which 
is passed to an electron beam (“ magic eye ”) 
indicator. If the known and unknown potentials 
are identical, then no signal will be impressed on 
the indicator, thus showing balance; the value 
of the potential is given by the potentiometer 
system, which is calibrated from 0 to 400 mv., 
extended to 2,000 mv. by switching in additional 
resistors. Changes in potential of 2 mv. are 
clearly indicated throughout the range. 

To facilitate operation the “ magic eye ” is 
duplicated on the titration unit and arrange¬ 
ments are provided for introducing a small, 
polarising voltage to the electrode system when 
required. 

Recorders .—^In general, pH recording equip¬ 
ment finds its application more in the field of 
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industrial process control than directly in the 
laboratory ; such apparatus must, tliereforo, be 
of robust construction and must bo capable of 


reliable service with the minimum of sl^llled 
attention. Commercial recorders and recorder- 
controllers differ in principle—except, of course, 


H J.+ 



¥ ig . 11. 


the basic one of e.m.f. measurement as the moans 
of pH determination—as widely as do the con’e- 
sponding pH meters for laboratory use. Typical 
examples are outlined below. 


The first to be described (see Fig. 12) makes use 
of an antimony/calomel electrode system arnl 
the latter, complete with resistance temperature 
compensators, is available in several physical 



arrangements either for tank mounting or for 
connection to a flow system. The output from 
this low resistance electrode combination being 


adequate for the direct operation of a galvano¬ 
meter without amplification, the e.m.f. from the 
electrodes is appli^ in the recorder to a potentio- 










m 


pH. 


metpr bridge having a special galvanometer as 
null indicator. Fig. 13 shows the circuit in its 
simplest form; the system is directly electro- 
mechanical and operates in the following manner. 


Current Adjuster q 

_ 




Resistance 

7 hermometer 


pAAAAAAA/^ 

rMAAAAA-* U-WWVA-| 



Resistance 

Thermometer 


Antimony Electrode 


Fig. 13. 

At the beginning of a cycle controlled by a small 
motor, the galvanometer needle is entirely un- 
restri(!ted and is free to take up a position 
determined by the pH of the solution under test. 


As the cycle progresses, the galvanometer noodle 
is firmly clamped and its position explored by a 
scissor mechanism which engages a clutch and 
in turn rotates a spindle an amount proportional 
to the deviation (if any) of the galvanometer 
needle from its position in the preceding cycle. 
This movement is recorded on a continuous 
10 in. cliart and at the same time a slide wire is 
moved to restore the balance of the potentio¬ 
meter bridge. Automatic temperature cor¬ 
rection and current standardising are incor¬ 
porated, and a gearbox is provided for the control 
of chart speed. 

ATiother type of re(;order, in this ease for use 
with a glass electrode, employs in a self- 
balancing potentiometer system a special olocti’o- 
meter valve which presents a very high im¬ 
pedance to the electrodes {.see Fig. 14). Any 
deviation from balance in the potentiometci]- 
system, oe(*asioned by a c'hange in pH on the 
part of the liquid umler test, excites a sensitive 
polarised relay which in turn energises a step- 
by-step reversible impulse motor and moves a 
slide-wire contact until balance is restored. The 
contact arm is geared to a recording pen which 
traces the measured pH value on a rotating 100- 
line circular chart, driven by a clock motor, 
which has a radial scale of pH and a circular 
time-scale of 24 hours ; the whole chart is visible 
through a window and the pen serves as a 
direct-reading indicator. 

Powder for the measuring circuit is supplied 
from the a.c. mains through a rectifying and 
voltage stabilising system which gives an output 
independent of fluctuations in the supply volt¬ 
age, while power for the indicating and recording 
me(*hanism is taken through a separate system so 
that no significant load is imposed upon the 
sensitive measuring circuit. 

The external electrode system, which is con¬ 
nected to the recorder by a multieore cable of 
high insulation resistance and may be of the dip 



or flow type, comprises a glass electrode, a 
reference electrode of the saturated calomel type 
and a temperature comjjensating unit which 
automatically corrects the reading of the instru¬ 


ment in accordance with the known e.in.f./tem- 
perature law of the cell. In the dip-type 
assembly the electrodes are mounted at the 
extremity of a tubular frame for immersion to a 
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depth of about 30 in. and are protected from 
mechanical damage by a surrounding cage, all 
olectrical connections being established via a 
socket at the top of the assembly. 

The assemblies are primarily arranged for 
bolting to the side of a vat or duct, but alterna¬ 
tive fixings enable them to bo introduced through 
the top of a vessel or hooked over the side of a 
vat and clamped in position by thumbscrews. 
The flow typo, on the other hand, is a wall 
mounting unit for inclusion in a by-pass or 
bleeder on the installation, the active elements 
being contained in a demountable closed vessel 
from which air is excluded. Models are also 
available which are of parti{mlur use in the 
j)resonco of heavy sedimentation, and in all 
models the liquid junction is fed from a reservoir 
which can be replenished while the electrodes arc 
actually in operation. 

Controllers.—From the continuous record¬ 
ing of pH, its automatic control is a natural stop; 
in general this is accomplished by adding to the 
recording apparatus the mechanism necessary 
for the operation of dosing valves or other 
devices which govern the admission of acid or 
alkaline reagents. Where the permissible limits 
of pH value are comparatively wide the control 
mechanism may bo called upon only to release 
the required correcting reagent at a constant 
rate during such time as the pH of the final 
oliluent is outside the specified limits, but where 
close control is necessary—particularly when 
W'ide fluctuvations in pH are to bo expected—the 
controlling system may be called upon to inject 
reagent at a rate proportional to the change in 

i)h: 

The method of control may be mechanical, 
electrical, pneumatic or any combination of the 
three. In one system, for example, a valve 
operated by an electric motor controls the flow 
of supplementary alkali into a predominantly 
acid effluent (or vice versa) in order to raise its 
pH, before disposal, to a value to be maintained 
between certain limits. In this equipment a 
moving coil meter, incorporated in the controller 
and giving a continuous indication of the pH of 
the effluent, is the actual monitor of the control 
system and it is on the deflection of its pointer 
that the correction depends. The controlling 
linkage between the meter and the valve motor 
switches is a mechanical one, the switches them¬ 
selves being of the glass-mercury type. Two 
push-plates are mounted in the instrument, 
equally disposed about an adjustable control 
index wfflich is set to correspond with the average 
pH value (±0*6 pH unit) which it is desired to 
maintain, these push-plates being flexibly 
coupled to the appropriate ends of the mercury 
switches governing the valve motor; a dead 
zone 1 pH unit wide exists between these “ high ” 
and “ low ” plates. While the pointer of the 
meter is in the dead zone the motor remains 
stationary, with the alkali valve left at the 
setting resulting from any preceding appli¬ 
cation of correction. Depression of the “ pH 
low ” plate rotates the motor to open the alkali- 
admitting valve, while depression of the “ pH 
high ” plate correspondingly closes the valve. 

Actual depression of individual plates is caused 
by the periodical falUng of a presser-bar above 


the plates which is cam-operated by a motor in 
the controller. This bar falls once every 
15 seconds and remains down for a period of 
between 0-5 and 5-0 seconds, determined by the 
setting of the variable-dwell cam operating it. 
A stylus is so i)laced on the indicating pointer 
that, wh(m the latter is over one of the push- 
plates, the stylus is interposed between the 
pressor-bar and that particular plate, thus 
causing it to be depressed and so operate the 
associated mercury switch. It will bo seen from 
the foregoing that the setting of the variable- 
dwell cam operating the pressei-bar determines 
the rate of operation of the valve, the process 
occurring in a series of impulses of predetermined 
duration. The motorised valve assembly itself 
comprises a split-field series of motor driving a 
valve-operating shaft through a reduction gear, 


Air 

Supply Pilot Valve 



24 Hour 
Circular Chart 

Fia. 15. 


adjustable glass-mercury-typo limit switches 
being fitted to restrict the valve travel as may 
be required. An additional feature of the equip¬ 
ment is the incorporation of a warning unit 
carrying three coloured lamps which light up to 
indicate “ pH normal,” “ pH high,” or “ pH 
low.” 

In another system of control, the operation of 
the reagent valve or valves is pneumatic. The 
pH measuring and recording portion of the 
equipment is somewhat on the linos of the 
recorder alr6ady described and functionally * 
illustrated by Fig. 14. To accomplish control a 
specially-shaped vane is moimted on the spindl^^ 
of the balancing system and positioned to float 
freely between the nozzles of a pair of opposing 
jets supplied, via a constriction, with compressed 
air at about 15 lb. per sq. in, Tho position of the 
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vane regulates the flow from the jets and hence 
the pressure in the jet system, this pressure 
l)eing applied to an expanding capsule which 
operates a pilot valve in the outgoing com¬ 
pressed-air control line and thereby governs the 
main valve or diaphragm motor controlling the 
pH of the process. The pH value to which— 
within close limits—the process is to be held is 
determined by setting a pointer to the appro¬ 
priate line on the recorder chart. The basis of 
the control system is illustrated functionally in 
Fig. 15. 

The commercial recorder-controller shown in 
Fig. 16 operates on the pneumatic free-vane 
I)rinciplo and is available with a choice of throe 



primary characteristics—^narrow band propor¬ 
tional control with a fixed throttling range (or 
on-and-off), proportional control with adjustable 
throttling range, and proportional control with 
automatic reset of control point. The first two 
are suitable for simple control applications 
having only moderate time lags; the third and 
more complex form of the instrument is designed 
to meet the problems presented where the time 
lag is considerable and a large change in the flow 
of corrective reagent may be required to main¬ 
tain constant conditions. The throttling range 
is normally narrow but is temporarily widened 
in proportion to the rate of change and subse¬ 
quently restored to its narrow value. 
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Glory ” {Fharbitus nil); it is identical with 
pelargonidin (Kataoka, Pro. Imp. Acad. Tokyo, 
1928, 4, 389). 
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PHASE RULE: APPLICATION TO 
THE SEPARATION OF SALT SOLU¬ 
TIONS INTO THEIR CONSTI¬ 
TUENTS. 

Introduction. 

Tho isolation from a complex of substances of 
a particular solid, liquid, or vapour contained 
therein, or potentially present, is an essential 
part of many industrial chemical processes. 
Generally, before a specified substance can bo 
isolated from such a mixture, it must first be 
formed as a separate phase. Hence, to prepare 
the desired substance, a knowledge of the con¬ 
ditions under which it can exist as a separate 
phase in equilibrium with the other components 
of the mixture is usually essential. The general 
relations which must obtain between the number 
of phases, the number of components, and the 
number of independently variable properties of 
a complex of chemical substances are, of course, 
formulated in the phase rule. The actual 
numerical values or range of values of tho 
variable parameters, such as temperature, pres¬ 
sure, phase concentration, under which tho 
specified phase can exist in equilibrium in a given 
complex can be determined only by experiment. 
Such experimental work, directed towards 
defining the conditions of stable existence of tho 
possible phases of a complex, is guided by the 
phase rule, and the results of the experiments 
are interpreted by this same rule. 

This article deals with the application of know¬ 
ledge of heterogeneous equilibria to problems of 
chemical manufacture. The equilibria con¬ 
sidered, however, are only those between solids 
and liquids, and in particular between salts and 
aqueous solutions. Systems including a vapour 
phase are not dealt with. The systems con¬ 
sidered therefore belong to the class known as 
“ condensed systems. It is assumed that in 
such systems the pressure is sufficiently great to 
prevent the formation of a gas phase, but still 
sufficiently low to bring about no marked change 
in the solid-liquid equilibrium relations as they 
exist at, say, a low equilibrium gas pressure. 
Practical lower and upper pressure limits im¬ 
plied by the use of the term “ condensed ** are 
usually 1 and 100 atmospheres. 

In the following discussion it will he assumed 
that the reader is familiar with the principles of 
the phase rule and its application to the descrip¬ 
tion of binary, ternary, and quaternary systems. 
Where this knowledge is lacking, it may be 
acquired by a study of the phase-riile section of 
a number of books dealing with physical 
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chemistry, or, bettor still, from such standard 
phase-rule works as those cited below. 

H. W. B. Roozeboom, “ Die Heterogenen 
Gleichgowichto vom Standpunkte der 
Phasemlehre,” Vols. 1 to III, 1901-1913. 

D. A. Clibbens, “ Principles of the Phase 
Theory,” Macmillan, 1920. 

A. Findlay and A. N. Campbell, “ The Phase 
Rule and its Applications,” 8th ed., Long¬ 
mans, 1938. 

A. C. D. Rivett, “ Phase Rule and the Study 
of Equilibria,” Clarendon Press, 1923. 

S. T. Bowden, “ The Phase Rule and Phase 
Reactions,” Maemillan, 1945. 

J. E. W. Rhodes, “ Phase Rule Studies,” 
Oxford University Press, 1933. 

F. F. Purdon and V. W. Slater, “ Aqueous 
Solutions a»d the Phase Diagram,” 
Arnold, 1946. 

Some of these works also contain sections 
which deal with the application of a knowledge 
of phase equilibria to process problems; more 
information is available in original papers as 
well as in other sections of this dictionary, i.e., 
a])plication to distillation, metal alloys, glass, 
and refractory materifvls. These subjects are not 
dealt with in this article, which is restricted to 
the behaviour of salt mixtures in aqueous 
systems. 

In dealing with this subject, it will be neces¬ 
sary to discuss system types, but it will be 
understood that these are merely a selection 
from a great number of possibilities. They will, 
however, also serve as illustrations of many of 
the fundamental principles of phase equilibria 
to be found in the books and literature referred 
to above. 

Phase Equilibeium Diageams and tiibie 
Chaeacteeistios . 

The preparation of any particular phase 
recpiires a knowledge of its conditions of exist¬ 
ence, and these conditions are evaluated by 
solubility determinations. The results of such 
measurements are usually represented diagram- 
matically. It is possible to read off from the 
diagram the conditions of temperature, pressure, 
and concentration which must be estabUshed to 
secure the isolation of the wanted phase. In 
many cases a partial or completely quantitative 
recipe for the preparation can quickly be 
deduced. 

A brief description of the principal methods 
of the representation of equilibria in hetero¬ 
geneous systems will enable a clearer view to 
be obtained of the use of such diagrams in 
solving process problems—the subject of this 
article. * 

Pressure is of course one of the factors deter¬ 
mining solid-liquid equilibrium, but since it is 
assumed that it will be kept within limits where 
its influence may be neglected no representation 
of pressure is required. In a one-component 
system there only remains temperature as a 
variable. It is seldom necessary to show this 
diagrammatically if only one component is 
present, but if desired it can be represented as a 
straight line showing the temperature scale and 


the melting-point of the component. This 
course i.s adopted when single components are 
being considered as parts of binary or higher 
order systems. 

With a binary system there is in addition to 
temperature another variable, i.e., component 
concentration. In such a case it is usual to 



Fig. 1. 

plot the solid-liquid equilibria on a plane dia¬ 
gram with rectangular co-ordinates, plotting 
temperature vertically and component con¬ 
centration horizontally, e.< 7 ., in Figs. 1-8. a and 
B represent pure A and pure B respectively. 
A point H (Fig. 2) represents a mixture contain¬ 
ing HB parts of A to ha parts of B. Vertical 



Fig. 2. 

lines at A, H, or b represent the corresponding 
constant compositions at different temperatures. 
Horizontal lines show varying compositions at 
constant temperature. 

In ternary systems the usual representation 
consists of an equilateral triangle drawn for 
each temperature. The triangle comers repre¬ 
sent the pure components and any given com- 
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Fig. 8. 
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poBition can be plotted on the principle illus¬ 
trated in Fig. 10. To show temperature chaiigeB, 
a space diagram is needed and a triangular prism 
is normally employed. A variation t)f the 
equilateral triangle is sometimes used. This is 
somewhat similar to the binary representation, 
the ratio of the concentration of two salts is 
plotted horizontally and the quantity of solvent, 



Fio. 9. 


c.r/., water, is plotted vertically (Figs. 9 and 11 
show a ternary isotherm plotted by each method). 

Four-component systems can be divided into 
two types which require slightly different 
methods of representat ion : 

(a) System containing a “ solvent ” and three 

salts with a common ion; 

(b) System consisting of a solvent and recipro¬ 

cal pair of salts which can undergo 
double decomposition, 

AX pBY ^ AY-i BX. 


A 



For representation purposes, a three-dimen¬ 
sional diagram is required in either case, (a) or 
(6), and the following methods are available: 

(a) (1) Tetrahedron with pure components 
represented at comers (Schreine- 
makers). 


(2) Triangular prism, three salts at 
corners of base and water vertical 
(Janecke). 

(/j) (1) Pyramid on square base—pure salts at 
corners of square base and pure 
water at the apex (Lowonhertz). 



(2) S<juare prism, the square base of which 
again re])resents the four anhydrous 
salts and their mixtures. Water 
plotted vertically (Janecke). 

Since the Janociko method is more generally 
used by modem authors, this type of plotting 
W’ill be described. 

For the common-ion typo of quaternary 
system, ( AX—AY—AZ—HgO) or (AX—BX— 
CX — HgO),^ is necessary to express the phase 
or mixture composition as the amount of each 


A 



component present per 100 parts AX-p AY+AZ 
or AX+BX-fCX, then to plot the ratio 
AX/AY/AZ as on the triangle (Fig. 15), and the 
associated water vertically. The units may be 
either weights or gram-molecules. 

In a reciprocal salt-pair, AX+BY+HjjO 
AY-PB)^-pHgO, the composition of any phase 
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or mixture can always be expressed in terms of 
three of the possible salts and water. Usually it 
will be desirable to calculate first to weight per¬ 
centages, but these must then be converted to 
molecular units. The ionic ratios A/B and X/Y 
are then calculated, whilst the HjO present is 
expressed as molecules of HgO per 100 molecules 
of the three salts present. The plotting of the 
ionic ratios in the salts is then effected as shown 


A 



in Fig. 18. Here it will bo seen that side 
AX — AY contains 100% of ion A, bx—by has 
100% ion B, AX—BX has 100% ion X and 
AY—BY has 100% ion Y. Lines parallel to 
AX—AY and BX — by represent constant ratios 
of A/B and lines paraUol to ax—bx and ay—by 
constant ratios of X/Y. The intersection of two 
lines at right-angles, such as linos pq and bs 
intersecting at t, fulfil the conditions for any 


A 



Fig. 14. 

pre-detennined ionic ratios. Having fixed the 
position of the point representing the salts, it 
only remains to plot the associated water 
vertically. 

In four-component systems, whether of the 
common-ion or of the reciprocal salt-pair type, 
the vertical sides of the space diagram represent 
the subsidiary ternary systems plotted as in 
Fig. 11. The two-solid-phase solution points 
such as B bocomo eitarting points fojr two- 


solid-phase curves. These curves intersect in 
one or more three-solid-phase points and enclose 
surfaces representing solutions which are in 
equilibrium with one of the solid phases. 
Figs. 16 and 19 are perspective views of space 
diagrams for simple types of four-component 
system. Fig. IG relates to the “ common-ion ” 
t 3 rpe and Fig. 19 to reciprocal salt pair. 

Space models are extremely valuablg and often 


AX 



enable one to observe charactoristies and develop¬ 
ments otherwise missed. In most cases, how¬ 
ever, it is necessary to use two-dimensional 
projections and, as will bo soon later, at least 



two projections are needed for any space dia¬ 
gram. A favourite projection is one on the 
horizontal base which shows the proportion of. 
salts or ions present and which, of course, ex¬ 
cludes water. Such a projection for a common- 
ion system is shown in Fig. 16 and a similar one 
for a reciprocal Salt pair in Fig. 20. Iso-water 




PHASE RULE : SEPARATION OF SALT SOLUTIONS. 


443 


curves can, however, be added to such pro¬ 
jections as in Fig. 21. 

In the common-ion typo, at constant tem¬ 
perature {e.g.t Fig. ]6), these are projections of: 

Three surfaces, AxarE, ayepf, and 
AZGPF, for solutions in equilibrium with the 
single solid pliases AX, AY, and AZ, 
respectively. 


B 



Fig. 17. 


Three curves, ep, gp, and fp, for solutions 
in equilibrium with AX-f AY, AX-j-AZ, 
and AY-}-AZ, respectively. 

One fixed point, p, representing a solution 
in equilibrium with the three solids AX, 
AY, and AZ, 

In the simplest typo of reciprocal salt pair, 
R.( 7 ., Fig. 20, the number of “ one-solid-phase ” 


Equilibrium diagrams, whether plane or three- 
dimensional, serve a two-fold object. They are 
pictorial records of experimental work and by 
the application of geometrical principles they 
enable one to define phase compositions for all 
parts of the system which is represented. For 
this latter purpose, the diagrams should not be 



considered merely as collections of solubility 
points or curves but rather as portraying areas 
and/or volumes boimded by the curves. This 
will be clearer from Figs. 1-8, which illustrate 
binary systems at varying temperatures, as well 
as from Figs. 9-14 for ternary systems at con¬ 
stant temperatures, and in Figs. 20-23 which are 



AX J BX 



surfaces is increased to four: axjfbd (Solid 
AX), BYGEFH (Solid BY), AYDEG (Solid AY), 
and BXJFH (Solid BX). There are five two- 
solid-phase curves: de (AX+AY), gb 
(AY-f BY), JF (AX-f BX), hf (BX-f BY), and 
KF (AX-h BY). Finally there are two solutions, 
B and F, each in equilibrium with three solids, 
E (AX-f AY+BY) and f (AX-f BX+BY). 


projections of isothermal space diagrams for 
quaternary systems. 

In the above-mentioned figures, the various 
areas, etp., have been labelled with the names of 
the phases to which they correspond. Such 
treatment considerably enhances the value of 
the diagrams. 

Where an area represonta a mixture of two 
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phases, it is advantageous to conceive it as built 
up of an infinite number of “ tic-lines ” ; these 
are lines connecting the composition of phases in 
equilibrium and consequently at the same 
temperature. In some cases we have a solid of 
constant composition in equilibrium with a 
variable liquid phase (Figs. 1-3, 9, 11, 12, Ifi, 

AX BX 



19, 20-23). Other possibilities include two 
variable liquids (Fig. 17), a solid and liquid each 
variable (Figs. 4-8, 13, 14). In binary diagrams 
where temperature is plotted vertically, the 
“ tie-lines ” are horizontal and in isothermal 
ternary and quaternary diagrams they radiate 
from the point representing the solid phase. 



Fig. 22. 

The significance of two-phase “ tie-lines ” 
becomes even greater when it is realised that 
every point on an individual line represents a 
mixture of the two phases represented by the 
end points. In addition, the position of any 
intermediate point denotes the proportion in 
which the two phases are present. Thus, in 
Pig. 2 (binary), points on the tie-line eb (tem¬ 


perature fj) will represent all possible mixtures 
(“ complexes ”) of saturated solution E and solid 
phase H. For any selected point such as c, this 
composition will, at temperature ti and under 
equilibrium conditions, yield solid h and 
saturated solution E in the proportion of eg 
parts solid to RO parts solution. In an isothermal 


(NH^)2S04 (NH 4 C 104)2 



ternary system such as showm by Fig. 9, the point 
H on tie-line aj represents a mixture of solid A 
and saturated solution J in the proportion ha 
parts solution to hj parts solid. 

When using a two- or three-dimensional dia¬ 
gram in which is plotted the ratio of salts in the 
phases, it is important to remember that the 



proportion rule relates to the amounts of salts in 
the solution and of salts in the soUd phase. 
Moreover, this limitation still holds in a ternary 
diagram, such as Fig. 11, or space diagrams for 
quaternary systems such as Figs. 16, 19. In 
Fig. 11, it wilj be clear that in the case of the 
mixture of lk on the tie-line aj, the ratio 
hj/ha is the same as kl/ka, which relates to 
anhydrous salts alone. 
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Diagram Representation of Process 

0 DERATIONS. 

The methods for representing diagrammati- 
(^ally the equilibrium between solids and liquids 
have now been outlined very briefly. Such 
diagrams can be put to valuable use in many 
ehcmieal processes which involve the separation 
of solids from liquids. The liquids resulting 


AX BX 



from such separations known as “ mother- 
liquors ” are, of course, saturated "with the 
solid which has been separated. A complete 
knowledge of the conditions under which 
dill’erent solids exist enables any one of them to 
be separated under those conditions most suit¬ 
able for ensuring purity and good volume yields. 



Fig. 20. 

Preparations of the above-mentioned type 
usually include a numbet of well-known opera¬ 
tions—th^ principal of these are as follows: 

(a) Change of temperature. 

(^>) The mixing of solids or liquids of different 
compositions. 


(c) Addition or removal of water. 

(d) Addition of solids, i.e., raw materials. 

(p) Filtration of separated solids, either the 
main product or a by-product. 

Those operations can bo represented on phase- 
equilibrium diagrams and it will be of advantage 
to illustrate them on these before proceeding to 
deal with typical problems. 


AX BX 



Fig. 27. 

Change of Temperature. —Tn binary 
systems such as Fig. 31, change of temperature 
corresponds to an up or down movement such 
as the vcrti(%‘il line an. In three-component 
systems, a space model is required to show 
temperature changes, but it is often convenient 
to superimpose curves for selected temperatures 
on the same diagram, such as has been done in 


A 



Fig. 28.- 


Fig. 30 for two isotherms. It will then usually 
be found that the complex may lie in different 
areas for different temperatures, and its be¬ 
haviour can be predicted accordingly. With 
four-component systems it is impossible to show 
continuous temperature changes even with a 
space model. It is sometimes convenient to plot 
two or more isotherms within the same model 
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and to project these as in Fig. 27. The amount 
of information which can be obtained from a 
diagram of tin’s sort is very limited unless hori¬ 
zontal projections to show changes in water 
content are also made. How ever, certain deduc¬ 
tions can be made, as for example : point p can 
yield solid AX in a pure state if the watesr con¬ 
centration is kept within certain limits for the 
isotherm concerned, and similarly for point r. 


A 



Fig. 29. 

solid BY. Point Q, however, can yield cither 
AX or BY if the water content and temperature 
are suitably adjusted. Insufficient water will in 
all cases give complexes containing more than 
one solid phase. 

Mixing of Complexes. —When operating 
with two-component systems it is usual to 
postulate mixing at constant temperatxires. 
Since orthodox phase-cquilil)rium diagrams do 



not show the effects of heat of dilution or heat 
of solution, it should bo borne in mind that it 
may be necessary to add or remove heat to keep 
the temperature unchanged. If in Fig. 31 
water at temperature is mixed with com¬ 
ponent A and the temperature kept constant, 
the resulting complex lies on the horizontal line 
CD. A complex corresponding to a point such 
as j on this line is prepared by mixing water 
and A in the ratio jd to jc. 


It is unusual in a diagram such as Fig. 31 to 
consider cases where the mixtures are joined by 
an oblique line such as ef. The mixing of two 
(iomplexos having different teiuperatures can 
only bo dealt with satisfactorily in a Merkel 
diagram in which concentration of components 
is plotted against total heat content instead of 
temperature. No difficulty then arises, but the 
consideration of such enthalpy diagrams is out¬ 
side the scope of the present article. 

If in a three-component system, e.ff.. Fig. 29, 
wo mix solution o with complex d and adjust 
the temperature to that of the isotherm, all 
mixtures will lie on the line joining o and n, e.ff., 
mixture E will be obtained by mixing o and d in 
the proportion of ed/ec. Turning to a four- 
component diagram such as the reciprocal salt 
pair. Fig. 25, it is necessary to remember that 
this diagram show's only the ratios of the solids 
present in solution. If wo mix complexes whose 
solids are represented by o and h, all mixtures 
lie on the straight line on, but it is important to 
remember, in applying the “ proportion ” rule 



Fio. 31. 

which has already been given, that it relates only 
to the dissolved salts and not to the total com- 
X^lexes. The point k on the line gh represent-s a 
complex which can be prepared by mixing G and 
fT so that the solids are in the proportion of Kii 
parts of solids Q to KG parts of solids H. Even 
in the space model from which Fig. 25 is pro¬ 
jected, we are faced with the same limitation 
when considering ratios of components. 

It is of interest to examine (Fig. 26) a vertical 
section of the space model through the lino gh 
of Fig. 26. This section outs one-solid-phase 
curves of ternary systems at o and d and 
quaternary two-solid-phase curves in B and F. 
In Fig. 26, the section is viewed in the direction 
of arrow r in Fig. 26 and it has been assumed 
that Q is an unsaturated solution whilst h coU'- 
tains solution and solid. 

Addition or Removal of Water.— 
It has already been stated that in binary systems 
such as Fig. 31, the effect of dilution is shown by 
a horizontal line moving to the water side of the 
diagram, and that the proportional rules apply. 
In a three-component system, the addition of 
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water moves the complex in the direction of the 
water comer of the diagram, as shown in Fig. 28. 
Thus, solution c, when diluted to D, gives a ^•om- 
plox lying on the lino be. To roach this point 
D, we mix water and solution o in the proportions 
of DC/WI), 

Removal of w'ater, of course, foUows the 
opposite rule to addition of water. Solutions or 
complexes move in a straight line away from 
water when the latter component is removed. 
In two-component systems the line is horizontal; 
in three-component systems evaporation lines 
radiate from the water corner, e.g.^ wd in Fig. 30. 
In four-component systems, water changes can¬ 
not be shown unless we have a horizontal view of 
the space model and it is essential to construct 
such projections when dealing with a problem 
involving four-component systems. In the 
removal of water, there exists a special case in 
which water may be removed as ice for certain 
solutions below 0°c., e.g.^ solution K in Fig. 29 
at the isotherm temperature will deposit ice and 
move to M. 

Addition of Solids, e.g.. Raw Materials. 

—As with the addition of water, these are 
merely special cases of mixing in which the 
material to bo added is usually represented by 
one of the corners of the diagram. A somewhat 
special case exists with the reciprocal salt pair 
where we sometimes add, at the same time, 
equivalents of the in compatibles. These are 
represented by the intersection of the diagonals 
of the square projection, e.g.y point k in Fig. 25. 

Separation of Solids. —These follow the 
same rule as the removal of w^atcr—the complex 
(tomposition moves in a straiglit lino aw'ay from 
the solid which is being sej)arated by filtration 
or by other means, c.</., in ternary diagram, 
Fig. 28, complex l) may be filtered to separate 
solid B and solution e. 

A similar principle will apply in four-com¬ 
ponent systems, but again this can only bo fully 
represented if one examines horizontal as well 
as vertical projections of the space model. 

Principles op Application to Process 
Problems. 

Preparation of Salt Hydrates and 
Compounds. —The preparation of compounds 
in binary and ternary systems can theoretically 
bo accomplished by bringing together the correct 
amounts of the components required to form a 
dry compound, provided that the operation is 
carried to completion at a temperature whore 
the compound is stable. In practice, however, 
this method will seldom produce a comjiound 
of uniform composition with well-defined 
crystals, since the product will bo found to con¬ 
tain inclusions of one or other of the system 
(‘omponents. The preparations are best carried 
out by crystallising the wanted compound from 
solution, either by. cooling or by isothermal 
evaporation. If, in the binary system. Fig. 2, 
we wish to obtain hydrate ir, the procedure 
would be to prepare an unsaturated solution 
such as P and cool it to point o in order to 
crystallisef the hydrate, leaving a motherdiquor 
E, or to subject the imsaturated solution l to 
isothermal evaporation when it will deposit the 
hydrate as soon as the composition has moved to 


the right of e. In the case under consideration, 
it would be unwise to attempt to prepare H by 
cooling solution J because this w'ould pass 
through the saturated area of anhydrous B 
before entering that of the hydrate, and henc^o 
B would first precipitate and then decompose 
with the formation of H. This might leave the 
hydrate contaminated with a little of solid B 
unless a very prolonged stirring of the complex 



Fig. 32. 

were made. Having once obtained the hydrate 
and separated the corresponding mother-liquor, 
more water and solid B can bo dissolved to 
obtain a further (Top of the wantcul hydrate. 
This operation can bo repeated until accumula¬ 
tion of soluble impurities (if any) or loss of 
adhering mother-li(j[uor with tlic crystals makes 
it necessary to correct the composition of the 
complex. Figs. 43-46 show actual binary 


A 



Fig. 33. 

systems exhibiting characteristics such as dis¬ 
cussed above and their use in the preparation of 
anhydrous or hydrated solid phases will be 
evident. 

In three-component systems, e.^., Fig. 33, in 
order to obtain compound d it is necessary to 
prepare a complex, the composition of which 
corresponds to a point within the area deg. It 
is desirable, if possible, to dissolve all the con- 
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stituents. If this can be done at a higher 
temperature, then on cooling to the temperature 
of the isotherm, the compound n will be precipi¬ 
tated and can be separated. As an alternative, 
isothermal evaporation, c.g., of a solution on 
the lino we, can again be employed. In this 
case also, the motiu^r-licjiior may be used to 
dissolve fresh raw materials and produce further 
amounts of d until impurities or adhering 
liquor on crystals make this impracticable. In 
Fig. 33, the compound d dissolves congriiently, 
whilst in Fig. 34 it is incongruent. In the latter 
case, care would have to be taken when consider¬ 
ing isothermal evaporation not to choose a start¬ 
ing liquor which could deposit b before precipi¬ 
tating n ; this case is analogous to the one 
previously mentioned for a binary system. An 
example of a congruent double salt exists in the 
system Na 2 S 04 -(N H 4 )oS 04 -H 20 at 25^0. 
(Fig. 47), and an incongruent compound, sodium 
sesquicarbonato, is to bo found in the system 
NaaCOg-NaHCOg-HaO (Fig. 48). 

Purification of Salts by Crystallisation. 
—This has much in common with the prepara- 


A 



Fig. 34. 

tion of compounds which has been discussed in 
the last section, but it may often be simpler 
since it may merely be a question of recrystal¬ 
lising one of the system components, e.gr., an 
anhydrous salt. The same general principles 
will apply, i.e., the salt must be crystallised 
under conditions which are represented by the 
appropriate saturation area on the diagram. 
The necessity for recrystallisation implies the 
presence of impurities which have to be removed 
—insoluble impurities will need to bo filtered off 
before recrystallisation and soluble impurities 
may be present to a sufficient extent to alter the 
solubility relations. Thus, in recrystallising a 
simple salt from an aqueous solution, soluble 
impurities can make the system into one of three 
components instead of two. Similarly, the 
recrystallisation of a ternary compound may 
involve four-component solubility data. It is 
likely that any first operation in a rccrystal- 
lisation series can be carried out without soluble 
impurities interfering seriously, but the re-use 
of mother-liquor to dissolve raw materials may 
eventually make it necessary to consider data 


relating to a system whidi also contains the 
soluble impurity as a component. The subject 
of accumulation of impurities will be discussed 
more fully in a later section. 

The Separation of Salt Mixtures. —The 
separation of solid mixtures into their consti¬ 
tuents is a problem which presents itself from 
time to time. In some cases the separation can 
be accomplished by purely mechanical moans 
which make use of the difference between the 
physical properties of the solids. Such a method 
may include sieving, flotation, magnetic separa¬ 
tion, elutriation, etc. Problems of the type en¬ 
countered in mining engineering can bo often 
solved by such methods. 

It frequently happens, however, that in the 
cbemieal industry the component j3arts of a 
salts deposit need separating or the product of 
a crystallisation requires to be purified. 

Jn the case of a separation process based on 
phase equilibrium data, two components—often 
salts with a common ion—must first bo c'on- 
sidored. The equilibrium diagram wffil bo one 
of the types illustrated in Figs. 1-8, or in 
(certain cases a combination of more than one of 
those typ(\s. The diagrams show the influence 
I of tomperature on the solid and liquid states. 
If the system under consideration exhibits easily 
attainable “ melting ” points, a complete or 
partial liquefaction of the mixture can be carried 
out. In the latter case, the system may contain 
a liquid and an excess of a pure solid. Such a 
ease is shown in Fig. 31, where the initial mix¬ 
ture is assumed to have the composition repre¬ 
sented by the vertical line guk. It will bt; seen 
that the best that can be done in this type of 
separation is to cool to the eutectic temperature, 
when the mixture will be separated into the 
eutectic solution and the excess of whichever 
solid is present. Reference to hig. 3 will show 
that the existence of compounds between the 
components may make a limited separation of 
the type under consideration loss attractive. 

With Figs. 4-8 (solid solutions), the separation 
of excess solid by partial fusion becomes still 
less effective and usually almost impracticable. 

In order to get a good separation by using 
phase-equilibrium data it is customary to add a 
third component which is liquid over a reason¬ 
able range of temperatures and in which each 
solid component is soluble. The third com¬ 
ponent chosen is usually water, but of course it 
may be some other liquid. The equilibrium 
relations of ternary systems thus become in¬ 
volved. Reference to the simplest possible 
case (Fig. 32) will show that the addition of 
water to a mixture M may give either (a) solution 
and solid A and solid B ; (fj) solution and solid 
B, or (c) unsaturated solution. The best separa¬ 
tion at a single temperature will be obtained if 
the ratio of water and m is adjusted to give an 
aqueous mixture represented by o, which will 
yield the maximum amount of B and leave the 
isothermal invariant solution E. This partial 
separation is little or no improvement on the 
fusion method already referred to. If, however, 
it is found that at another temperature the 
character of the isotherm changes as in Fig. 35, 
then the foundation of a two-temperature 
separation exists. The criterion for this type of 



PHASE RULE: SEPARATION OF SALT SOLUTIONS. 


449 


Reparation is tluit a change of temperature pro¬ 
duces a substantial change in the ratio of “ dis- 
'solvcd salts ” (A and B) in the solution saturated 
with both of them. This can bo illustrated in a 
diagrain such as Fig. 3b, which shows the propor¬ 
tion of salts plotted against temperature. The 
salts composition of the principal solutions are 
shown on the line An of Fig. 35, and the lettering 


A 



Fig. 35. 

is similar in Fig. 3b. This will enable the 
relationship between the two diagrams to be 
seen. 

In Fig. 35, the cold isotherm is shown by full 
lines and the hot one by broken lines; the 
isothermal invariant points E and J contain the 
solid components A and B in differing propor¬ 
tions. When these conditions apply, the data 



TERNARY 

EUTECTICi 


A MB 

Fig. 36. 

can be used to work out the separation of a solid 
mixture such as M into its constituent amounts 
of A and B. It wiU be seen that the fixed point 
B lies within the complex area for A at the lower 
temperature so that on cooling solution B, solid 
A will be deposited leaving a mother-liquor o. 
If to this latter liquor mixture M is added in such 
quantity that the complex reaches point d on^ 
VoL. IX.—29 


this (jomplex i>? stirred at the higher tempera¬ 
ture, then a quantity of B is left as a solid 
phase in equilibrium with liquor e of the com¬ 
position with which the process started. The 
series of operations just described can, theoreti¬ 
cally, bo repeated indefinitely, though in practice 
there are certain limitations which will bo dis¬ 
cussed later. It will bo noticed that these 



operations have not involved any change in the 
water content of the solutions. 

Instead of the simple case illustrated in 
Fig. 35, a somewhat different one may occur, 
as in Fig. 37, where point e lies outside the 
complex space for solid A and its saturated 
solutions. When this happens it is necessary to 
add water to dilute the solution E to point 0 
which lies on the line aj— it can then be safely 



cooled to the lower temperature and will deposit 
solid A only, instead of a mixture of A and B. 
Having obtained the cold mother-liquor J, it is 
now necessary to evaporate the added water and 
reach D, which lies on an extension of the 
straight line ab. The evaporated liquor d is 
now treated with sufficient of the mixture m to 
reach point H on the line bb. On stirring com¬ 
plex H in the hot, it yields solid B and liquor b 
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with which tho separation started. Thus, in 
Fig. 37, tho hve-sidod separation cycle ecjdhe 
occurs instead of the triangular one eode of 
Fig. 35. It is interesting to use the method of 
Fig. 11 and re-plot Fig. 37 on a diagram in which 
the horizontal lino represents the pure solids and 
their mixtures, and water is plotted vertically. 
This has been done in Fig. 38 and since the 
points have been similarly lettered no further 
explanation is needed. This alternative method 
of representation is important because it forms 
a link between separation in a ternary system 
and that in a quaternary system, which will be 
considered shortly. 

To sum up the conditions necessary for the 
separation of a binary salts mixture (A-f B), it 
is essential that the ratio of A to B in the fixed 
points E and J should vary with temperature, 
if no such variation occurs, no complete separa¬ 
tion of A and B can be made from tho given 
mixture m, although it may be possible to 
separate a portion of the component which, at 
any temperature, is in excess of tho constant 
ratio A/B of the dissolved salts. 

Preparation of Salts by Double Decom¬ 
position.—This involves the “reciprocal salt 
})air ” type of four-component system, tho 
simplest case being shown in Fig. 39 in which 
there are plotted projections of two isotherms 
for the equilibria involved in the reaction 
AY-fBX ^ AX-fBY. The representation 
follows the principles which have already been 
outlined (p. 442a) and the projections show only 
the ionic ratios A/B and X/Y in tho salts pre¬ 
sent. The water content, whicli is normally 
})lottcd vertically in space, has been omitted. 
The case chosen is one of congruent solubility 
with respect to AX and BY. A space model 
showing full details of this system at the two 
temperatures concerned could be divided by a 
vertical plance AX-BY-H 2 O into two distinct 
portions. The plane itself forms what is fre- 
f)uently described as a pseudo-ternary system. 
The representation of such a plane viewed in 
direction of arrow r is given in Fig. 40 and it will 
be noted that this is very similar in character to 
the ternary diagram, Fig. 38; the only essential 
difference is that the mixture M is actually a 
point represented at the intersection of the 
diagonals in the square of Fig. 39. Since the 
plotting is in equivalents or gram-molecules, 
point M may represent either equivalents of the 
incompatibles AY and BX, or of the compatibles 
4^ AX and BY. Returning now to the pseudo- 
ternary system, Fig. 40, the mixture m is added 
to the process in the form of the incompatibles 
and when equilibrium has been established it 
behaves as an equivalent mixture of the com¬ 
patibles which are the products of the double 
decomposition. Thus, the full scheme is to start 
with the cold mother-liquor, J, evaporate water 
to point p, add sufficient of the incompatible 
equivalent mixture to reach point N, then stir 
this to equilibrium in the hot to produce a com¬ 
plex containing solid AX and the mother-liquor 
K. AX is filtered off and liquor K is diluted to 
point L, and, on cooling this diluted solution to 
the lower temperature, BY is precipitated and 
solution J of the initial composition is again 
obtained. A cold mother-liquor such as j is 


often described as tho “ nucleus liquor ” and 
theoretically the series of operations which have 
been described can be repeated to produce AX 
and BY from an equivalent mixture of AY and 
BX, and to keep mother-liquors J and K con¬ 
stant in composition and quantity. This is an 



Ftg. 39. 


ideal scheme which requires some correction in 
practice as will be discussed later. 

In Figs. 39 and 40 a simple case has boon con¬ 
sidered where the process solution can bo 
exprossod in terms of AX, BY, and HgO. The 
cycle is, however, not limited to such solutions, 
since a satisfactory separation can be made with 
solutions which also contain either the salt AY or 



the salt BX, provided that the concentration 
of either of these salts does not exceed satura¬ 
tion value at any stage in the process. A system 
such as that represented in Fig. 41 exhibits in¬ 
congruence and 8epai;ations must always be 
made in solutions containing AY as well as AX 
and BY. 

,It will be evident that in cases where, owing 
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to incongruence or other conHidoration, the cycle 
solution contains a third salt as weU as the 
compatible pair, it is no longer possible to repre¬ 
sent the oi)eration8 on a vertical diagonal plane. 
In Fig. 41 it is possible to follow some of the 
operations involved in the double decomposition, 
since these no longer project on the AX — BY 
diagonal as with Fig. 39. If the process begins 


AX BX 



with the hot solution k, it is evident that solid 
BY and a cold mother-liquor J can be obtained 
from it. Usually it will be necessary to dilute k 
before cooling it, but this operation can only be 
shown in a horizontal projection such as Fig. 42, 
which shows that it is necessary to add to K 
sufficient water to reach i)omt l in order to arrive 



Fig. 42. 

at liquor J on cooling. The solid BY which is 
present is then separated and the dilution water 
is evapprated to reach point p—to this evapo¬ 
rated liquor the raw materials M are added in 
sufficient amount to reach N. On stirring this 
to equilibrium in the hot, solution K is reformed 
and solid AX which is now present can be 


filtered off—thus completing the series of opera¬ 
tions. It will be understood that the order in 
which water is evaporated and raw materials 
added can be interchanged if there is any obvious 
advantage to be obtained by doing so. A varia¬ 
tion which is sometimes made in double decom¬ 



position is to add the raw materials separately at 
different stages of the process. 

It will be realised that in especially favourable 
cases it may be unnecessary to include the 
operations of dilution and evaporation in 



four-component systems such as those dis¬ 
cussed. 

Examples op Cyclic Separation. 

The application of phase equilibria to the 
separation of salt mixtures has been briefiy 
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described by A. Findlay and A. N. Campbell, 
“ The Phase Rule and its Applications,” 8 th od., 
Longmans, 1938. In this book the authors 
derived inuch of their subject-matter from the 
paper of F. A. Freetli in a Leiden Thesis, 1924, and 



Fig. 45. 

Rec. trav. chim. 1924, 43, 475, Freeth pre¬ 
sented equilibrium data for the quaternary 
system 

NaCI 04 -N H 4 CI 04 -Na 2 S 04 -(N H 4 ) 2 S 04 “H 20 

at 26° and 60°c., and included the subsidiary 



ternary systems containing water and certain 
binary salt groups from the above list; he also 
gave quantitative diagrams for separations based 
on the principles which have been discussed. 
Examples from Freeth’s paper are given. 

Fig. 49 relates to a cyclic separation of 


Na 2 S 04 and NH4CIO4, two salts which, al¬ 
though possessing no common ion, can, however, 
co-cxist in aqueous solutions at 25°o. and 60°c. 
Freeth showed how the data for N 32804 - 
NH 4 CIO 4 -H 2 O could be used in a complete 
and cjuantitative separation of a 60/50% weight 
mixture of the tw^o salts in question. The 
separation in its ideal state involves neither 



D.S.4 = Na^SO^ (NH^)^ SO^-AH^O 
Fig. 47. 

dilution nor evaporation. Referring to Fig. 49, 
the cycle involves the cooling of 60° liquor 0 to 
25°o. to yield pure NH4CIO4 and a mother- 
liquor A; the solid is separated and mixture M 
is added to give the magma u, which at 60°c. 
separates pure N 33804 and regenerates the 
starting liquor c. In order to begin a cycle of 
this kind, it will be necessary to carry out a 
preliminary operation such as digesting some of 


NajCOg 



Fig. 48. 

the 50/60% mixture with water at 60°c. to yield a 
magma which represents 60°o. solution c and an 
excess of N 33804 , which is separated. The 
diagrammatic representation of the operation 
will be evident from the lettering and arrows 
shown on the separation figures, which is an 
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irregular triangle within the main system equi¬ 
lateral triangle. The presentation of the quanti¬ 
tative aspect of this separation will be referred 
to later. 

It should be made clear that care has to be 
exercised in discussing the separation of a 
“ pseudo-binary ” mixture such as 

NagSO^+NH^CIO^. 



P>efore dealing with such a mixture it is essential 
to (.‘onfirm that no double decomposition can 
occur in aqueous solutions in the temperature 
range available for separation treatment; 
usually this would lie between 0*^ and lOO^c. For 
a true binary mixture which has a common ion, 
a good example of a cyclic non-dilution process 
can bo arranged for a KCI-fNaCI mixture. 


KC! 



Fio. 50. 


Blasdale (J, Ind. Eng. Chem. 1918, 10, 347) 
described the principles without presenting a 
cyclic quantitative scheme. The separation can, 
however, easily be constructed in the phase- 
equilibria manner by using data given by 
Blasdale and others for the system KCI-NaCI- 
HgO. . 


This has been done in Fig. 50 for a 40% 
KCI/ 00 % NaCI mixture, employing the tem¬ 
peratures of 80° and 20 °c. for the separation of 
NaCI and KCl, respectively. 

Reverting to the paper of Freeth, a good 
example is given of a phase-rule separation of a 
binary mixture where dilution and evaporation 
is needed in the “ like-ionic ” pair of salts, 
NH^CIO^-I-IN H 4 ) 2 S 04 . This is illustrated in 


NH4CIO4 



Fia. 51. 

Fig. 51, where the separation figure is now 
in tlio form of an irregular pentagon instead 
of an inner triangle as abo in Figs. 49 and 
50. 

Another example involving a binary common- 
ion mixture with dilution and evaporation in¬ 
cluded, is outlined in the patent of Freeth and 
Cocksedge, B.P. 124513, 1919. This deals with 



Fia. 52. 

the recovery of KNO 3 from commercial sodium 
nitrate. Though no quantitative examples are 
given in the patent, it can readily be illustrated 
from published data relating to the system 
KNOa-NaNOg-HgO, as has been done by 
Hamid in J.S.C.1.1926,45, 315 t, and by Purdon 
and ^Slater (qp. cit). A separation diagram. 
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employing the principle claimed by the authors, 
has been given in Fig. 52, using 90°c. as the 
separation temperature of NaNOg and 25°c. 
for KNO 3 . 

Phase-equilibria separations which have been 


Freeth (Z.c.). The solubility results show that 
in tho reaction; 

(NH 4 ) 2 S 04 + 2 NaCl 04 ^ 

Na 2 S 04 -| 2 NH 4 CI 04 . (1) 


Na2Cl2 Na2S04 



Fig. 53. 


the compatible salts are : 

NagSO^ and NH^CIO^ . ( 2 ) 

and the incompatibles are : 

(NHJaSO^ and NaCI 04 . (3) 

In considering a process based on re¬ 
action (1), the incompatible salts (3) 
become the reactants or raw materials, 
and the compatible salts ( 2 ) are the re¬ 
sultants or products. 

If, in Fig. 49, the 50/60% weight mixture 
is replaced by an equivalent mixture of 
Na 2 S 04 and NH 4 CIO 4 , the separation is 
imaliected in principle. It is also possible 
to substitute for the equivalent mixture 
of Na 2 S 04 +NH 4 CI 04 equivalents of 
(NH 4 ) 2 S 04 and MaCI 04 and feed these 
as raw materials to a cycle similar to Fig. 
49 , obtaining the products N 33804 and 
NH 4 CIO 4 at 60° and 25°c., respectively. 

In Fig. 23, Freeth’s data have been 
plotted to show the form of the two 
isotherms. In Fig. 24 the vertical diagonal 


plane has been projected in the direction 
represented in Figs. 49-52 are not limited to the of the arrow in Fig. 23. In this projection are 
mixtures used as examples. Any proportion of shown the operations involved in separating 
the two solids can be dealt with on the same equivalents of NH 4 CIO 4 and Na 2 S 04 from a 
principles, the eftect being to modify the size and process receiving equivalents of (N 144)2804 

and NaCIO.. 



+ NajCl^ +NaoS 04 

Fig. 54. 


Another double decomposition treated in 
this manner is described by Frccth and 
Cocksedgo in B.P. 26263, 1909, and 86 , 
1910. This deals with the reaction ; 

(NH4)2804-f2NaCl 

2 NH4CM-Na2804, 

again a scheme where no dilution or 
evaporation is needed in the ideal state. 
The separation temperatures in this case 
are 60°o. for N 33804 and 15°c. for 

NH4CI. 

An example from B.P. 86 , 1910 has been 
given in Figs. 53 and 54, whit^h show the 
cyclic process operations. 

Separtitions in reciprocal salt-pair 
schemes where dilution is required, 
include the preparation of KNO 3 and 
NaCI from NaNOgand KCI. This well- 
known process can bo put on a cyclic basis 
by using solubility data (W. Roinders, Z. 
anorg. Chem. 1915, 93, 203 ; M. A. Hamid, 
J.S.C.I. 1926, 45,315). 

Probably the best example of the in¬ 
dustrial application of phase-equilibria 
methods to a double decomposition is the 


shape of the inner separation triangle or 
pentagon. 

Examples Involving Double 
Decomposition. 

Actual examples of cyclic phase-rule processes 
involving double decomposition include that 
involved in the sulphate-perchlorate systems of 


reaction between (NH 4 ),S 04 and NaNOg to 
produce NH 4 NO 3 and N 33804 . Freeth and 
Cocksedge (B.P. 12401, 1915; Chem. Met. Eng. 
1919, 20, 320, 401) developed this process for 
the large-scale production of NH 4 NO 0 in 
Britain and America during the First World 
War. The presence of a number of double salts 
added to the difficulties which were encountered 
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in placing this process on a firm manufacturing Reference has been made to the separation 
basis. This process separated Na 2 S 04 in the figure within an equilibrium diagram. This is 
hot (60°c.) and NH 4 NO 3 was crystallised after bounded by lines which represent the change of 
diluting the Na 2 S 04 mother-liquor and cooling solution or solid compositions during each opera¬ 
te an average temperature of 2{)°o. (see Figs. tion. Since each individual movement of com- 
55 and 56). 

An interesting improvement based on (NaN 03)2 (NH^NO^lj. 

phase equilibria was subsequently claimed ir - -- 

by Freeth and Cocksedgo, B.P. 149095, 

1920. This involved the reduction of the / 

Na 2 S 04 content of the NH4NO3, \ / 

NaN 03 , NaoS 04 solution remaining ^ 

from the double decomposition, by the \ / 

addition of calcium sulphate to precipitate \ ,/j / 

glauberite (CaS 04 ,Na 2 S 04 ), a compound '\ /j / 

which can exist in equilibrium with \ / / 

aqueous solutions which are unsaturated // 

with N 32804 . The reduction of the / 

Na 2 S 04 content of the process liquor / \ 

enabled better volume yields of NH 4 NO 3 / 

to bo obtained. / 

Other examples inedudo the preparation // 

of calcium nitrate and sodium chloride // 

from calcium chloride and sodium nitrate // \ 

(J. G. Gilbert, B.P. 124780, 1916). In 

this case, NaCI is removed in the hot and ^ 

Ca{N 03 ) 2 , 4 H 20 crystallised after dilut- ^ 

ing and cooling. . 

A recent process developed by phase- 2 ^ 4 ^ r ' 4'2 4 

equilibrium methods is that of Canadian 
Industries, Ltd., fur the preparation of 

sodium sulphite and ammonium chloride from position dependvs on the amount of solids or 
ammonia, sulphur dioxide, and sodium chloride water added, or removed at different points in 
(E. K. .1. Cooke, Choin. Trade Journal, June the process, the size of the separation figure 
8 th, 1945, p. 605; Canadian Chemistry and relative to that of the appropriate solid plus 
Process Industries, April, 1945, p. 221). 

Among the more complex systems which 
have been studied in reference to “ salt ” 
formation is the notable series by J. H. -i 
van’t Hoff and others in order to ex- 2 

plain the formation of the oceanic salt _j A 20 '^C. 

deposits. < i 

Another investigation is that of J. E. O “3^0 V 

Teeple, “ The Industrial Development of ^ \C 20*^0 

Searlos Lake Brines,” New York, 1929. ^ \ 

In this monograph, Teoplo describes the O ' \ 

results of studies on many system com- ^ ^ \ 

binations containing the ions Na-, K*, CP, o -200 A \ 


Na^SO^ 


(NH.l.SO. 


principal aim of Teeple’s work was the 
production of KCl and borax from the 
lake liquor containing all the ions referred 
to above. 

In addition to publishing his solubility 
results and discussing them, Teeple re¬ 
ported their successful application to the 
manufacturing scale. He did not, how¬ 
ever, discuss the process in detail, but 
merely referred to it in general terras. 

Flow sheets (not quantitative) for the 
Searlcs Lake processes appear in Chom. 
Met. Eng., Oct. 1945, p. 134. 




Na 2 S 04 
+ (NaN03)2 


(NHJ2SO4 

-•-(NH.NO.). 


Fig. 56. 


Flow Sheets eor Materials Balance. 

It will be appreciated that an ideal separation 
scheme involves no wastage of salts or their solu¬ 
tions, since a “ cold ” mother-liquor is usually 
kept within the process and used to dissolve 
more ** raw material ” either partially or com¬ 
pletely. 


solution areas of the two isotherms, is an illus¬ 
tration of the efficiency from the standpoint of 
volume yields, and the amount of evaporation 
necessary per unit of the product. Some pro¬ 
cesses are chemically possible but the volume 
yields are too poor to make them economically 
attractive. Althoughjit is difficult to generalise 
on this point, a yield^may be considered satis- 
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factory if it is of the order 160-200 kg. of solid 
per cubic metre of liquor. 

In the i)recoding discussions on the separation 
of salts from mixtures, and the products of 
decompositions, the various operations have 
been described with reference to diagrams. It 


will be clear that theoretically the mother- 
liquors from the separated products will remain 
constant in composition and quantity, and in 
these ideal cases can continue to be returned to 
the process. Schemes of this type are usually 
called cyclic processes. It is well to note two 


FLOW SHEET 1 SEPARATION OF KCl - N«Cl MIXTURE 

KCl SEPARATED AT gO**^ NaCl SEPARATBO AT 60'^ No DILUTION OR EVAPORATION SEE TlQ 50 



Flow Sheet 1. 


Flow Sheet Z Separation Of kno» ahd no? Mixture 

KNO a SEPARATCO AT 2S*° ANO N* NOa AT DILUTION AND EVAPORATION IncuUDCO Sct Flfi 52 



Flow Sheet 2. 


main characteristics of processes of this type 
which may seem rather obvious but which are 
sometimes overlooked: 

1 . The total stocks of liquor in a process work¬ 

ing at a constant output will remain 
steady. 

2 . Everything which is introduced into the 

process as raw material will also ulti¬ 
mately appear as an equal weight of 
product or by-product. 


The separation of salts in systems of three or 
four components can often with advantage be 
set out in “ flow sheets.” These form an excel¬ 
lent supplement to the phase-equilibrium separa¬ 
tion diagram concerned, and they also enable 
exact material balances to be worked out for the 
schemes under consideration, and enable one to 
observe the two main principles which underlie 
the cyclic processes. The use of a flow sheet can 
best be followed by actual examples illustrating 
the separations which have been shown diagram- 
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matically. The ideal flow sheets, Nos. 1-4, 
showing the material balances, have been 
labelled similarly to the corresponding diagrams 
in order to make cross-reference easy. 

It will be understood that the flow sheets so far 


considered relate to ideal processes with perfect 
material balances—these do not, of course, exist 
in practice and some of the disturbing factors 
will be considered later. Ideal flow sheets do, 
however, enable comparisons to bo made 


FLOW SHEET 3 OOUBL H DE COM POSITIO N OF SO ^ AND NtCl T O Y/£L0 

50. AT 60**^ AND NM . Cl AT NO DILUTION OR E V APORATION SEE FI G. S3 A 


RAW MATERIALS 


I Total 


MIX 

60 *^ 


15’' 

MOTHER LIQUOR ™j 


W T 

MOUS 

n »oo 

^ MOU^ 

Kci)i 

3 

25 5 

5Z 6 

;N<iCi)2 

10 2 

8 T 

le-o 

NiSO* 

£0 0 

14 1 

292 



4.6 3 

iPPJL 

H,0 i 

lOO 0 

556 

i!55L_ 

total ~j 

15T-S 1 




‘ 1_ J 


1 complex for Na^ SO* 
separation 



1 

1 . 

Kci)* 

(NaCOj 

NajSO* 

1 

W T 

MOCS 1 

MOLS 

45 1 

10 2 

44 4 

42 1 

31 3 

51 ^ 
10 5 

3T 9 

r 



H^O 

too 0 

62 1 

100 0 


556 

6T2 


1 

total 

200 3 





60*'^ mother liouor 



WT 

MOUS 

K 100 


(Nh*CI)* 

(NaCI)j 

Ni,50^ 

45 T 

10 Z 

ZOO 

42 T 
67 

14 1 

65 2 

13 3 

21 5 



6S 5 

_iqo_ 

H^O_ 

1000 

556 

648 

total 

ns 9 




COOL TO 



15*' AND 


fNH4a)i 

riLTER 


W T i'^OO 



16 4 17 Z 


Flow Sheet 3. 



Flow Sheet 4. 


between different schemes, and they form the 
basis for flow sheets which approach more nearly 
to manufacturing conditions, where allowance 
has to be majie for the influence of a number of 
other factors, including the time taken to reach 
equilibrium conditions. 


Flow Sheets for Manufacthrino 
Conditions. 

The variations in the ideal cycle which are 
necessary under actual manufacturing con¬ 
ditions are due to a number of disturbing factors. 
In the following paragraphs the influences which 
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have to be reckoned with in a working process 
are discussed. 

1 . The Need for a Safely Margin with respect 
to Unwanted Constituents .—In order to ensure 
maximum volume yields in an ideal cyclic pro¬ 
cess it is usual to choose as mother-liquors at 
least one solution which is saturated with two 
or possibly three salts, but the extra salts should 
not be present in excess, otherwise they will 
contaminate one of the products. In order to 
prevent the inevitable plant fluctuations from 
causing an appearance of unwanted sohds with 
the products, some or all of the following modifi¬ 
cations may bo made: 

{a) Less raw materials may be introduced m 
each cycle giving reduced yields of 
products. 

(6) The mixture before the “ hot ” separation 
may be super-heated beyond its normal 
temperature. 

(r) Two-stage counter current working can be 
employed to obviate the risk of un¬ 
reacted raw material remaining with 
the product. 

{d) In order to prevent impurities appearing 
on cooling, this operation may bo 
stopped before the lower temperature 
limit is reached, or a little dilution and 
subsequent evaporation can be intro¬ 
duced. 

2. Correction for Mother-liquor adhering to 
Vrodticts ,—In an ideal process it is assumed that 
the products are completely separated from the 
corresponding mother-hquor. In practice this 
is impossible, for a filtered product may retain 
adhering mother-liquor equal to 20-40% of its 
weight, while a centrifuged solid may contain 
3-10% of adhering liquor. If impure products 
are satisfactory the only correction needed is 
the addition of sufficient components to replace 
the lost liquor. In general, however, the 
adhering liquor must be washed from the moist 
solids; the corrections then depend on the 
method of disposal of washings. If these can 
be wasted, it is again only a question of re¬ 
placing lost liquor. If, as happens in most cases, 
the washings contain a component which must 
be recovered, it is necessary to reintroduce the 
washings at some suitable place or places in the 
cycle, then to evaporate in order to restore the 
water balance. It will be reahsed that correction 
has also to be introduced for the loss of yield 
due to dissolving a small proportion of the pro¬ 
ducts by the wash water. 

3. Method of Disposal of Washings .—If it is 
assumed that a product containing adhering 
mother-liquor has been washed with water, it is 
evident that the composition of the resulting 
wash liquor can itself be expressed in terms of 
dissolved product-f-mother-liquor+excess HgO. 
If the excess HgO is evaporated and the mixture 
brought again to the separation temperature, 
a mixture of 8ohd+mother-liquor results which 
can be returned to the magma for the main 
separation. Hence the ideal method for the 
disposal of washings which have to be returned 
to the process, is to have two evaporators which 
remove the excess water from the product and 
by-product washings, respectively, and to return 


the evaporated complex to the corresponding 
magma before fugaliing. If, for economic or 
other reasons, the washings are mixed and fed to 
one evaporator, some correction to the cycle 
becomes necessary in order to keep the products 
pure. 

It is not suggested that any rigid method for 
the disposal of washings should be followed; 
variations can bo introduced so long as they do 
not involve the contamination of the products. 
The first washings are mainly mother-liquor and 
would contain very little dissolved product. 

4. Impurities in Eaw Materials .—These may 
be either soluble or insoluble in the process 
liquors. In the latter case all the insoluble 
matter will appear with the first product 
obtained after the introduction of raw materials, 
unless some provision can bo made for filter 
pressing before the hot separation. 

The influence of soluble impurities introducted 
with the raw materials depends on their nature. 
If the impurities are readily soluble in the plant 
liquors, they will accumulate and some time 
may elapse before they appear in the product, 
but whether extremely soluble or only sparingly 
so, they will sooner or later appear in one or 
both products, because a balance must eventually 
be established between impurities entering and 
those leaving the cycle. This state of affairs 
could occur in one of two ways : (a) the mother- 
liquor of one or both products could become 
saturated with the impurity and cause the latter 
to bo precipitated wuth the products, or (6) with 
a very soluble impurity and a process in which 
the products are not w'ashed, or one in which the 
w'ashings are rejected, it is possible that the 
adhering mother-liquor or the washings con¬ 
taining it would carry out of the process a 
quantity of impurity equal to that entering. 

If pure products are required and if it is pro¬ 
posed to return wash liquors to the cycle, the 
elimination of soluble impurities can only be 
carried out by the regular or occasional rejection 
of a small amount of the plant liquor. The loss 
of dissolved salts entailed thereby will have to 
be made good by the addition of extra raw 
materials and an adjustment made to the 
amount of water to be evaporated. 

It will be evident that soluble impurities may 
accumulate to an extent sufficient to modify the 
solubilities of the products, and therefore a 
working flow sheet will require some correction 
on this account. This is a point which can be 
best dealt with as analytical results of a series of 
cycles become available. 

In certain favourable cases it may be possible 
to return the “ rejected ” liquor to the main 
process after subjecting it to a treatment which 
will remove a substantial amount of an accumu¬ 
lated impurity. Such treatment might simply 
be a precipitation, e.gr., of sulphate by a barium 
salt or magnesium by calcium hydroxide. On 
the other hand it might involve a subsidiary 
fractional crystallisation based on solubility data. 

6 . Metastahle Equilibria .—A feature of certain 
systems is their liability to produce motastablo 
solutions, e.g.y in the binary systems CaCl 2 -H 20 
and NagCOg-HgO it is possible, with care, to 
follow a hydrate solubility curve beyond its tran¬ 
sition point, or to produce clear supersaturated 
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solutions whose compositions are intermediate 
between a stable and a metastable solubility 
curve. It is usual, in process working, to avoid 
such metastable solutions, though cases do 
occasionaUy occur where the metastability per¬ 
sists for a longer time than that required to per¬ 
form some process operation, c.gr., filtration to 
remove suspended matter. In such cases, the 
metastability can be put to good use. Extreme 
care is however necessary when deciding whether 
motastability can be permitted at any point in a 
process. 

(). Time Factor. —The factor of which no ac¬ 
count can be taken in calculating flow sheets is, 
as already stated, the time required to bring 
complexes to equilibrium or to carry out certain 
j)roce88 operations. The effect of this in a work¬ 
ing process is to make it essential to provide 
vessels, etc., of sufficient capacity to allow for 
the time factor and to store sufficient liquor to 
permit a process to be worked smoothly. This 
is essential even with batch ^vorking and becomes 
si ill more important with continuous working. 

L. M. H. 

PHELLANDRAL, 

CCHO 

^CH 

i I 

HX CH., 

“ / “ 

CH CHMea 

b.p. 75^71-5 mm., 0-9445, 7ijy 1-4897, [a]|, 

-hll6-2% —1()0-2°, se7nicarhazoney jn.j). 204-205^ 
oximcy m.p. 87°, phenylkydrazoyiCy m.p. 122-123°, 
p-nitrophe'nylhydrazone, m.p. 174-175°, 2:4- 

dinitrophenylhydrazonCy m.p. 204°. /-Aldehyde 
occurs in water-fennel oil (from Finiteulum vuU 
gare) and eucalyptus oils; d- in elemi and cinna¬ 
mon oils. 

J L S 

a-PHELLANDRENE, 


CMe 

HC^ ^CH 

i: I 

HC CH, 

\ / 

CHCHMej 


b.p. 3974-5 mm., pf 0-8324, 1-4724, [ajp 

-177-4°, a-nilrosile, m.p. 121°, [a]p -f 142-6°, 
p^nitrositBy m.p. 105-106°, [a]^ —160°. Occurs 
widely distributed in essential oils, more 
especiaUv in eucalyptus oils. 

J. L. S. 

^-PHELLANDRENE, 

eXHa 

I II 

H,C CH 

\ / 

CH-CHMe, 


b.p. 171-1727 67711 mm., p2» 0-8620, 
1*4788, [a ]0 +65*2°, —51*9°, a-nitrositCf m.p. 


102-103°, P-nitrositB, m.p. 97-98°, nitroso- 
chloride, m.p. 106-107°. Occurs in many 
essential oils. 

‘ J. L. R. 

PH E 1 VII TO N E. N - Methyl - 5 - phenjd - 5 - 
cthylbarbitiiric acid. “ Prominal.^' Hypnotic 
and sedative; used in treatment of epilepsy. 
B.P. Add. Ill ; B.P.C. Supp. Ill (r. Synthetic 
Drugs). 

S. E. 

PHENACETIN. Aceto - p - phenetidide. 
Antipyretic and analgesic. B.P., B.P.C. (v. 
Synthetic Drugs). 

vS. E. 

PHENACITE. A beryllium silicate mineral, 
8628104 , containing BeO 45-6%. It usually 
occurs as crystals of rhombohedral form or as 
hexagonal prisms capped by a rhombohedron, 
and is so named on account of its having been 
mistaken for quartz. Phenacite has an imper¬ 
fect prismatic cleavage and conchoidal fracture, 
whilst its great hardness (7^8) is of diagnostic 
value; p 3-0. Colourless, white, sometimes pale 
rod or bright yellow; lustre vitreous. It is a 
rare mineral, normally found in pegmatite veins 
associated with granite, and is often accom¬ 
panied by topaz, beryl, Jind apatite. Phenacite 
is occasionally cut as a gemstone, and its high 
berylbura content makes it a valuable potential 
source of that metal. 

D. W. 

PHENANTHRENE. Although the pres¬ 
ence in coal tar of a hydrocarbon isomeric with 
anthracene was recognised as long ago as 1872 
(Fittig and Ostermayer, Her. 1872, 5, 933; 
Annalon, 1873, 166, 361; Grabe, Ber. 1872, 5, 
861, 968; Annalen, 1873,167,131) the chemistry 
of this compound, phenanthrene, and its deriva¬ 
tives, has been largely investigated during the 
last twenty years. This greatly increased 
interest in phenanthrene chemistry can be 
attributed to the discovery of a large number of 
naturally occurring compounds possessing a 
phenanthrene ring system in the molecule; 
these include the sterols, sex hormones, cardiac 
glycosides, bile acids, alkaloids of the morphine 
and apomorphine groups, etc. The need of 
identifying degradation products of these natural 
compounds and also of preparing suitable start¬ 
ing materials for attempted syntheses has given 
a great stimulus to the study of phenanthrene 
chemistry. 

Isolation and Purification. 

Phenanthrene is found in the anthracene-oil 
fraction of coal tar; it is more soluble in organic 
solvents than its isomer and this fact is utilised 
in its isolation. The crude anthracene is ex¬ 
tracted with crude coal-tar solvent naphtha and 
that part of the solid which is readily soluble is 
used for the production of phenanthrene. High 
boiling phenols are removed by extraction with 
caustic soda solution and acridine by means of 
sulphuric acid solution. Fusion with a mixture of 
sodium and potassium hydroxides frees the pro- 
duct from carbazole and diphenylene oxide. 
After distillation, that portion easily soluble in 
coal-tar naphtha is freed from any less soluble 
impurities by crystallisation from 95% alcohol 
(Clark, J. Ind. Eng. Chem. 1919,11,204; Wense, 
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Bor. 1886, 19, 761 ; Kraeiner and Weissgerbcr, 
ibid, 1901, 34, 1665; G.P. 130679; B.P. 5047, 
1901). 

Thf> separation of jnire plicnanthrene cannot 
be aehicvod by crystallisation alone. This pro¬ 
cess yields a material, m.p. ca. 102-115'' (m.p. 
lOP when pure), which still contains appreciable 
amounts of anthracene, carbazole, and fluorene. 
With these substances phenanthrone forms 
mixed crystals with higher melting-points than 
that of the pure hydrocarbon (Pascal, Bull. 
Soc. chim. 1921, [iv], 29, 644). 

In mixtures of anthracene and phenanthrene, 
the former is more easily oxidised. As phen¬ 
anthrene can readily be separated from anthra- 
quinone by extraction with a solvent, such as 
85% alcohol, in which the quinone is only very 
slightly soluble, this constitutes a good and con¬ 
venient method of purification. The oxidation 
may be efFoctod with nitric acid (Schmidt, Ber. 
1874, 7, 205; J. pr. Chem. 1874, [ii], 9, 256; 
Cohen and Cormier, J. Amer. Chem. Soc. 1930, 
52, 4363) in which case some dinitroanthra- 
quinone is formed, or with chromic acid in glacial 
acetic acid (Anschutz and Schultz, Annalen, 
1879, 196, 35 ; Mortimer and Murphy, Tnd. Eng. 
Chem. 1923, 15, 1140; Bachmann, J. Amor, 
(.hem. Soc. 1935, 57, 555). In order to ensure 
the removal of the last traces of anthracene, a 
solution of the purified hydrocarbon in nitro¬ 
benzene is boiled with maleic anhydride (Clar, 
Ber. 1932, 65 [B], 1146) which reacts with 
anthracene but not with phenanthrene. Final 
purification of phenanthrene required for hydro¬ 
genation experiments is effected by heating 
with sodium at 200° and distilling. The sodium 
removes traces of a sulphur compound. 

Other industrial methods of separating phen¬ 
anthrene include the use of selective solvents 
with temperature and time control (Wilton and 
Priest, B.P. 646524; Gorelik and Taicher, 
Russ. P. 58326) and by the preferential sul- 
phonation of impurities (Gliismann and Krasso- 
witzkaja, Russ. P. 43418). 

On a small scale it is often convenient to eff ect 
purification of xjhenanthrene in the form of its 
molecular compound with i)icric acid. The 
hydrocarbon can bo recovered by distribution 
between aqueous ammonia or soda solution and 
ether (Limpricht, Ber. 1873, 6, 532). 

Phenanthrene of high purity is stated to bo 
produced by treating the dibromide with zinc 
(lust (Price, Arutzon, and Weaver, J. Amer. 
Chem. Soc. 1938, 60, 2837). 

Leopold has utilised the selective hydro¬ 
genation of impurities to obtain a product of 
m.p. 99-100° (Compt, rend. 1940, 211, 225). 

The methods of estimating phenanthrene are 
based on its oxidation with iodic acid in glacial 
acetic acid solution to give phenanthraquinone. 
The latter may then be precipitated with 3:4- 
tolylenediamine and weighed as toluphen- 
anthrazine (Williams, J. Amer. Chem. Soc. 1921, 
43, 1911; cf, Khmelevskii and Postovskii, Org. 
Chora. Ind. (Russ.), 1937, 4, 363), a correction 
being applied to allow for the slight solubility of 
the precipitate. Alternatively an aqueous solu¬ 
tion of the bisulphite compound of the quinone 
may be converted into the quinoxaline derivative 
(Khmelevskii and Levin, ibid. 1940, 7, 241). 


The amount of anthracene in a specimen of 
phenanthrone may conveniently be determined 
by the fiuorescence spectrum (Hirshberg and 
Bergrnann, Chem. and Ind. 1939, 823). 

Colour reactions have been described for the 
deto(;ti()n of impurities in phenanthrene (Price, 
Arntzen, and Weaver, l.c.). 

Preparation of Phenanthrene and 
Derivatives. 

Several syntheses of phenanlhreno exist, but 
none is applicable to the industrial preparation 
of large quantities of the material. 

Numerous methods have been developed for 
the preparation of derivatives of phenanthrene 
and a few are of such general appli(^ability tliat 
they woll be briefly described. 

1 . Pschorr Syrithesia (Pschorr, Ber. 1896, 29, 
496).—o-Nitrobenzaldehyde and phenylacetic 
acid are condensed and the resulting o-nitrostil- 
bene carboxjdic acid is converted via the amino 
comiiouml into the diazonium salt which cyclises 
on treatment with copper powder. Decarb¬ 
oxylation of the x^roduct gives x>honanthrene. 

CHa-COgH 



Substitution products of both starting 
materials can bo cmx)loyed for the production of 
a wide variety of polysubstitutod phonanthrenes. 

2. Haworth Synthesis (Haworth, J.C.S. 1932, 
1125; Haworth, Mavin, and Sneldrick, ibid. 
1934, 454).—Succinoylation of naphthalene at 
low temx>erature in nitrobenzene solution in the 
presence of aluminium chloride gives a separable 
mixture of the 1- and 2-derivatives which on 
Clemmensen reduction give the y-arylbutyric 
acuds. These can be cyclised by treatment wdth 
85% sulphuric acid, an alkyl group introduced 
by a Grignard reaction, and the product de¬ 
hydrated and dehydrogenated to give an alkyl- 
phenanthrone as shown in the following partial 
formula); 
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In a variation of this method the alkyl group 
is introduced by a Grignard reaction on the 
ester of the naphthoylpropionic acid. The un¬ 
saturated a<dd thus obtained is hydrogenated 
and cyclised. The synthesis is completed by 
reduction and dehydrogenation. 




CO 


9^ 

\CH., 

if 


1 


1 

‘J 

-> 1 


COgMe 


COgH 

CHR 


R 


.^tops 

T1 

Jl /CH, 




Methylsuccinic anhydride can be used, in 
which case condensation occurs at the less 
hindered carbonyl group, t.c., that which is 
farther removed from the methyl substituent: 



Substituents may also be introduced by carry¬ 
ing out the maloriic acid synthesis on a-bromo- 
ketone derivatives of naphthalene. The starting 
materials are obtained by brominating the 
ketones prepared by the Friedel-Crafts reaction. 


CO 

^CHjMe 



CO 

' \cHIVIe 

1 

Br 



3. Bardhan^Sengupta Synthesis (Bardhan and 
Sengupta, ibid. 1932, 2520, 2798).—In the 
simplest example of this synthesis, ^-phenylethyl 
bromide is condensed with the potassium deriva¬ 
tive of cycZohexanone-2-carboxylic ester. Alka¬ 
line hydrolysis of the product is accompanied by 
decarboxylation. The ketone thus obtained is 
reduced to the alcohol, which on heating with 
phosphorus, pentoxide in a vacuum undergoes 


dehydration and cyclisation. The final stage in 
the synthesis consists in dehydrogenation with 
selenium. 

CHaBr 




Substitution products of both the starting 
materials are readily available and hence the 
synthesis is capable of wide variation. 

A synthesis similar to, but simpler than, the 
preceding has been devised by Perlman, David¬ 
son, and Bogert {v. Science, 1933, 77, 298). 

Peoferties of Phenantiirene. 

When pure, phenanthrene exists in colourless 
monocbnic scales (in.p. 101°; b.p. 332°) which 
are insoluble in water but readily soluble in most 
organic solvents, giving a blue-fluorescent solu¬ 
tion. The absorption and fluorescence spectra 
of phenanthrene have been extensively in¬ 
vestigated {inter alia, Johnson and Mathews, 
J. Amer. Chem. Soc. 1944, 66, 210; and Bowen 
and Sawtell, Trans. Faraday Soc. 1937, 33, 
1425). Molecular compounds are formed with 
a large number of substances and these are often 
useful for purposes of identification {e.g., picrate, 
m.p. 145°). 

On the basis of the Fries rule, the bond struc¬ 
ture (I) containing three normal Kekul 6 rings, 
would be expected to be the most stable state 
of the molecule. From a consideration of the 
five possible valence-bond structures, each of 
which may be expected to contribute to the 
normal state of the molecule, L. Pauling, 

Nature of the Chemical Bond,” Cornell Uni¬ 
versity Press, 1944, p. 142, has associated with 
the various linkages the amounts of double bond 
character shown in (II). It will be seen that the 
9:10 bond is stated to approximate to an ordinary 
'ethylenic bond and this is amply confirmed by 
the chemical reactions of phenanthrene. 

Phenanthrene can give rise theoretically to five 
monosubstitution products and no less than 
twenty-six disubstitution products. As many 
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phenanthrene derivatives exhibit marked ten¬ 
dencies to polymorphism, the formation of 
supersaturated solutions and of mixed crystals, 



1 . 



II. 


the separation of mixtures of products is often 
very difficult. 

Jieaction with Halogens. 

Bromine combines readily with phenanthrene 
in cold carbon tetrachloride solution to give the 
9 :10-c?i6rom/dc (m.p. 98°). The mechanism of 
this addition reaction, which is stated to proceed 
by a chain mechanism even in the dark, has been 
investigated in considerable detail (Fieser, Price 
et al.y J. Amer. Chem. Soc. 1936, 58, 1834, 1838, 
2101, 2163; Lauer and Oda, Bor. 1936, 69 [B], 
978 ; Kharasch, White, and Mayo, J. Org. Chem. 
1938, 2, 574). The dibromide on heating at its 
melting-point readily loses hydrogen bromide 
and is converted to d-bromopherianthrene (m.p. 
63°) {v. inter al. Fittig and Ostermayer, Annalen, 


1873, 166, 363; Austin, J.C.S. 1908, 93, 1760), 
which, as a consequence of this reaction, is one 
of the most readily available derivatives of the 
hydrocarbon. 

By employing 2-3 molar jjroportions of 
bromine and by carrying out the brornination at 
varying temperatures, a number of dibromo- 
phenanthrenes have been prepared (Honstock, 
ibid. 1923, 123, 3097). 

Reaction with chlorine gives either the 9:10- 
dichloride (m.p. 160°) mixed with the 9‘Chloro- 
compound or the 9:10-dic/doro-eompound (8and- 
qvist and Hagelin, Bor. 1918, 51, 1515). In the 
presence of halogen carriers, Uie 9:10-di- (Schmidt 
and Ladner, ibid. 1904, 37, 4403) and the 2:9:10- 
tri-ddoro- (Schmidt and Schall, ibid. 1906, 39, 
3892) derivatives arc obtained. 

Hydrogenation. 

9:10-Dihydrophe7ianthrene (m.p. 35°) can be 
prepared by the chemical reduction of the 
hydrocarbon, e.g.y by the action of bromine in 
cold acetic acid solution (Henstock, J.C.S. 1921, 
119, 1462) or of sodium and boiling amyl alcohol 
(Schmidt and Mezger, Bor. 1907, 40, 4240). A 
variety of (satalytic methods have also been in¬ 
vestigated and the derivative may convenient ly 
be prepared (90%) by hydrogenation in the 
presence of nickel at 200° (ic/cw, ibid.) or the 
copper chromite catalyst (Burger and Mosettig, 
J. Amer. Chem. Soc. 1935, 57, 2731; 1936, 58, 
1857). The further hydrogenated derivatives 
of phenanthrene are best obtained by employing 
the Raney nickel catalyst under suitable con¬ 
ditions (Durland and Adkins, ibid. 1937, 59, 135 ; 
1938, 60, 1501) which are summarised below in 
graphical form; 
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Sulpkonaiion. 

The positions that are favoured in the sul- 
phonation of phonanthrono are 2, 3, 6, and 7, 
i.e., those points corresponding to the j3-j>ositions 
in the naphthalene rhigs. The yields of the 
monosubstituted phonanthronos oldained with 
96% sulphuric acid at 60^ and 120° arc shown 
diagramniatically below : 



The reaction mixture resulting from sulphona- 
tion at 60° has also been shown to contain the 
2:6-, 2:7-, 2:8-, 3:6-, and 3:S-di8ulphoiUc acids. 
From the product of sulphonation at 120°, the 
2-acid is isolated as the sparingly soluble barium 
salt and the S-acid by crystallisation of the 
potassium salt. The yield of the 2-sulphonic 
acid decreases with increasing time of sulphona¬ 
tion, e.g.f sulphonation with 2 mol. of concen¬ 
trated sulphuric acid for 3 hours gives 26% of 
2- and 27% 3-pheuanthrenesulphonic acid. By 
increasing the time of reaction to 4 hours the 
yields of the acids are 18 and 27% respectively. 
It is noteworthy that the 1- and 9-acids do not 
appear among the products of sulphonation at 
120 °. 

The monosulphonic acids may conveniently 
be characterised as their jj-toluidine salts, which 
crystallise well and have sharp melting-points 
(Fieser, J. Amer. Chem. Soc. 1929, 51, 2460; cf. 
Fieser and Young, ibid. 1931, 53, 4124; Derraer 
and Dermer, J. Org. Chem. 1942, 7, 681). 

At the higher temperature of reaction, disul- 
phonation occurs very readily and in fact ac- 
coimts for about 40% of the phenanthrene used. 
Bisulphonic acids, however, accompany the 
monosulphonic acids even when phenanthrene 
is incompletely sulphonated at room tempera¬ 
ture (Fieser, l.c.). 

Further sulphonation with concentrated sul¬ 
phuric acid at 120-130° of either the 2- or 3- 
monosulphonic acid gives a mixture of products 
arising from further substitution at the 6-, 7-, 
and 8-positions. The second sulphonic acid 
group is found to occupy the 6-position to a 
large extent. Further substitution in the same 
ring and attack at the 6- and 9- (10-)position8 
do not occur. 

lofiFe (Org. Chem. Ind. Russ. 1940, 7, 374) has 
developed 9 , method for the sulphonation of 
phenanthrene in the molten state with 92-94% 
sulphuric acid; 2- and 3-phenanthrene sul¬ 
phonic acids are produced. 


Nitraiion. 

The nitration of phenanthrene by means of 
nitric acid {p 1-45) in the presence of a mixture 
of acetic acid and acetic anhydride gives rise to 
four of the live possible mononitrophenanthrcues. 
The yields of tlie various derivatives are shown 
diagrammatically: 



The yield of the 3-m7ro-compound is increased 
by carrying out the nitration with nitric acid 
of p 1-66 at 0° (Schmidt and Heinle, Ber. 1911, 
44, 1490). 

According to Callow and GuUand (J.C.S. 1929, 
2426), nitration of phenanthrene, under con¬ 
ditions similar to those of Schmidt and Heinlc! 
but by using nitric acid of p 1-5, instead of p 1-45, 
gives rise to some diuitro-derivative. 

Q-Nitrophenanthrene may be prepared from 
nitrodiliydrophonanthrene oxide which is one 
of two addition compounds formed by reaction 
of phenanthrene, in benzene solution, with the 
“ nitrous acid gas ” obtained by the interaction of 
nitric acid and arsonious oxide. This addition 
product is converted by sodium methoxide into 
9-nitrophenanthrene (Schmidt, Bor. 1900, 33, 
3257). 



A method of nitration of phenanthrene at 0° 
in chloroform solution by means of nitrogen per¬ 
oxide has been developed (Shorygin, Topchiev, 
and Anan’ina, J. Gen. Chem. Russ. 1938, 8, 
981) and is claimed to give 100% of isomeric 
mononitrophenanthrenos, the 2-derivative being 
obtained in 32% yield. 

Acylation, 

Considerable difficulty was encountered when 
attempts were made to acetylate phenanthrene 
in carbon disulphide solution. However, the 
reaction was found to proceed smoothly and 
simply in nitrobenzene solution (Mosettig and 
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van do Karap, J. Amor. Chem. Soc. 1930, 52, 
3704). With acetyl dilorido the 2‘derivative 
(iii.p. 143°) was prepared in 15% yield and the 
'^-derivative (m.p. 75°) in 64% yield. The 2- 
acetyl compound is less soluble and separation 
is easily effected by crystallisation. This re¬ 
action therefore provides a convenient method 
for preparing practical amounts of 3-aceto- 
phonanthrene which serves as the best source for 
other derivatives such as the corresponding acid 
and amine. The 2-acyl dori vatives are, however, 
best prepared by the Friedel-Crafts acylation 
of 9:10-dihydrophenanthreno and dehydrogena¬ 
tion of the product. The dih3^dride, which may 
be considered as a derivative of diphenyl, is 
substituted exclusively at the carbon atom para 
to the diphenyl linkage, and the reaction is not 
accompanied by the usual resinous products 
which are obtained in the case of phenanthrene 
(Riegel, Gold, and Kubico, ibid. 1942, 64 , 2221). 



Bromination of these methyl ketones readily 
yields the corresponding w-bromoacetyl deriva¬ 
tives of phenanthrene (Mosettig and Van de 
Karap, ibid, 1933, 65, 3448). 

The succinoylation of phenanthrene in nitro¬ 
benzene solution with succinic anhydride gives 
^-'^-phenanthroylpropionic acid (m.p. 149°) in 
fairly good yield (Haworth and Mavin, J.C.S. 
1933, 1012). 

When phenanthrene is benzoylated by a 
Eriedel-Crafts reaction in nitrobenzene solution, 
attack occurs at the 1-, 2-, and S-positions as 
indicated below (Bachmann, J. Amor, Chem. 
Soc. 1936, 67, 555; cf. Bachmann and Pence, 
ibid.y p. 1130): 



20 % 


On addition of phenanthrene to a carbon di¬ 
sulphide solution of the Perrier compound (from 
benzoyl chloride and aluminium chloride), a 
portion of the reaction product separates as an 
insoluble complex which on decomposition gives 
exclusively the 1-benzoyl-derivative (m.p. 149*6°) 
in 8% peld (Bachmann, l.c.). The isolation of 
this ketone is so simple that it can be regarded 
as a readily available derivative in spite of the 
low yield. 

Phenanthrylamines. 

By far the most convenient method of pre¬ 
paring the 9-amiwo-derivative is from the phen- 
anthrol by the Bucherer reaction, viz. heating 
with ammonium sulphite and ammonia in an 


autoclave (Eioser, Jacobsen, and Price, ibid. 
1936, 58, 2J63 ; rf. Russ. P. 40988). 

The readily available 2- and 3-acetylphen- 
anthrones are the best starting materials for the 
preparation of the 2- and 3-araino-compounds. 
^’he ketones are converted to tjie oximes, which 
are subjected to Beckmann rearrangement. The 
resulting acelylaminophena^ithrenas on hydrolysis 
yield the desired amines (Bachmann and Boat- 
ner, ibid. 1936, 68, 857, 2007; Mosettig and 
Krueger, ibid. 1936, 58, 1311; Fieser and Price, 
ibid. 1936, 58, 1838). 

The 3- and ^-phenanthrylamines exist in two 
forms, the labile medication being converted 
into the stable on heating, storage for some time, 
or on acetylation (Schmidt and Heinle, Ber. 
1911, 44 , 1490; cf. Cadre and Sudborough, 
J.C.S. 1916, 109 , 1349). 

The 1-, 2-, and 3-phenanthrylamines servo as 
starting materials in the preparation of the 
corresponding halides (Bachmann and Boatner, 
J. Amer. Chem. Soc. 1936, 58, 857, 2194; 
Fieser and Price, ibid. 1936, 58, 1838). Bach- 
mann and Boatner advocate the use of the 
T)e Milt and van Zandt {ibid. 1936, 68, 2044) 
method of diazotisation for weakly basic or in¬ 
soluble amines and also of the introduction of 
chlorine and bromine atoms by Schweehten’s 
modification of the Sandmeyer reaction 
(Schwochten, Ber. 1932, 65 [B], 1605). 

Phenanthrols. 

Owing to their relationship with some opium 
and Corydalis alkaloids, the iJienanthroIs have 
been investigated in some detail (see Knorr and 
Pschorr, ibid. 1905, 38, 3174). All the five 
possible hydroxy-derivatives of phenanthrene 
have been prepared but only the 2-, 3-, and 9- 
phenanthrols (m.p. 169, 123, and 153° respec¬ 
tively) are readily available. 

Both 2- and 3-phenantlirol are easily obtained 
from the corresponding sulphonate. Mosettig 
and Burger (J. Amer. Chem. Soc. 1935, 57, 2189) 
have described a practical method of preparing 
l-phenanthrol in 60% yield by bromination of 
l-keto-l:2:3:4-tetrahydrophenanthrene and de- 
hydrobrominatioii of the product by treatment 
with diethylaniline. 

Several methods have been employed for the 
preparation of 9-phenanthrol (phenanthrone) of 
which only two will be mentioned hero. Treat¬ 
ment of phenanthraquinone with phosphorus 
pentachloride gives 10:10 - dichloro - 9 - phen - 
anthrone which on reduction, best with stannous 
chloride in acetic acid saturated with hydrogen 
chloride, gives phenanthrone (Schmidt and 
Lumpp, Ber. 1908, 41 , 4215; Goldschmidt, 
Vogt, and Bredig, Annalen, 1926, 445 , 136): 
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This compound is now easily obtained by the 
method of Fieser, Jacobsen, and Price (J. Amer. 
Chem. Soc. 1936, 58, 2163). These authors 
found that phenanthrene on treatment with 
bromine in methanol solution was converted into 
an unstable complex apparently consisting of 
1 mol. of phenanthrene mothoxybromide and 
one of the dibromide. This complex gives 9- 
methojryphe7ianthre7ic and phenanthrene when 
warmed with alcoholic potassium hydroxide- 
acetate, and 9-phenanthrol is easily obtained 
(30% yield based on phenanthrene consumed) 
from the mixture. 

Phenanthrene Carboxylic Acids 

The readily available 2- and 3-acetylphen- 
anthrenes can be converted in almost quantita¬ 
tive yield to the corresponding carboxylic acids 
(m.p. 254° and 260° respectively) by oxidation 
with sodium (or preferably calcium) hypo¬ 
chlorite solution (Mosettig and van do Karnp, 
ibid., 1030, 52, 3704). This method has also 
been applied for the preparation of the 4-acid 
(Fieser, Fieaer, and Hershberg, ibid. 1936, 58, 
2322). 

PheiLanthrene-d-carboxylic acid (m.p. 252°) can 
conveniently bo prepared in good yield from the 
O-bromo-compouiid by two alternative routes: 
(1) conversion to the Grignard reagent followed 
by either direct carbonation, or condensation 
with ethyl chlorocarbonato and hydrolysis of 
the resulting ester (Baclmiann, ibid, 1934, 56, 
1363); (2) conversion to the nitrile by heating 
with cuprous cyanide at 260° followed by 
hydrolysis (Mosettig and van de Kamp, ibid. 
1932, 54, 3328). Phenanthrene nitriles may also 
be prepared, and hence the acids by hydrolysis, 
from the sulphonic acids (Schultz and Japp, Ber. 
1877, 10, 1661; Japp, J.C.S. 1880, 37, 83; 
Werner and Kunz, Annalen, 1902, 321, 323; 
Fieser, J. Amer. Chem. Soc. 1932, 54, 4110). 

Phenanthraldehydes. 

The 2-, 3-, and 9-aldehydes may be prepared in 
excellent yield by reduction of the acid chlorides 
in decalin solution by means of the Rosenmund 
method (Mosettig and van do Kamp, ibid. 1933, 
55, 2995). The conversion of the acid chlorides 
to the aldehydes by means of the Sonn and 
Muller method results in lower yields (Shoppee, 
J.C.S. 1933, 37; Bachmann, J. Amer. Chem. 
Soc. 1935, 57, 555 ; Bachmann and Boatner, 
ibid. 1936, 58, 2097; Bachmann and Kloetzel, 
ibid. 1937, 59, 2207). 

Phenanthrene-O-magnesium bromide reacts 
with ethyl orthoformate to give the acetal, from 
which the aldehyde may be obtained by hydro¬ 
lysis (Miller and Bachman, ibid. 1935, 57, 766). 

When subjected to a Gattermann reaction in 
chlorobenzene solution, phenanthrene is attacked 
in the reactive 9-position and the 9-aldehyde is 
obtained in 44% yield (Hinkel, Ayling, and 
Beynon, J.C.S. 1936, 339). 

Phenanthraquinone. 

Oxidation of phenanthrene proceeds by means 
of an attack on the reactive 9:10-position8 with 
formation of a typical ortho-quinone. The 
hydrocarbon can be oxidised in glacial acetic 
acid solution with chromic acid (Graebe, 
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Annalen, 1873, 167, 140) or, more economically, 
in aqueous suspension using potassium di- 
chromato (Anschutz and Schultz, ibid. 1879, 
196, 37; Oyster and Adkins, J. Amer. Chem. 
Soc. 1921, 43, 208). The yield obtained is 
50-60%. The orange - coloured phenanthra- 
quinone is easily purified by extraction from the 
reaction mixture as the colourless, water-soluble 
bisulphite compound from which the quinone 
may bo regenerated by acidification or addition 
of alkali (Graebe, Annalen, 1873, 167, 131). In 
this manner all traces of anthraquinone can be 
removed. Phenanthraquinone is itself easily 
oxidised further, by cleavage of the bond 
between the two carbonyl groups, to diphenic 
acid. This fact constitutes the chief difficulty 
in obtaining a high yield of the quinone. The 
fimther oxidation of phenanthraquinone is most 
conveniently effected with hydrogen peroxide 
in either glacial acetic acid solution (HoUeman, 
Rec. trav. chim. 1904, 23, 169) or alkaline 
medium (Weitz, Schobbert, and Seibert, Bor. 
1935, 62 [B], 1163). 

Other methods of oxidation have been em¬ 
ployed, however, and include sodium chlorate 
an(l acetic acid in the presence of ruthenium 
salts (Badischc, G.P. 275518), electrolytic oxida¬ 
tion in the presence of manganese sulphate 
(Lang, G.P. 189178) or cerium sulphate (Meiator, 
Lucius, and Briining, G.P. 152063; B.P. 19178, 
1902). 

Alkylphcnanthrenes in wliich the 9- and 10- 
positions are unsubstituted are smoothly 
oxidised to the alkyl-9:10-phenanthraqumones 
with chromic acid. Similarly most substituted 
phenanthrenes can be converted into the 9:10- 
quinones; hydroxyl and amino groups may bo 
adequately protected by acetylation. It is by 
this method that the majority of the derivatives 
of phenanthraquinone are prepared, since direct 
substitution of phenanthraquinone usually takes 
place at the 2- and 7-position8 {cf. the meta 
directing effect of a carbonyl group on further 
substitution in a benzene ring). 

Oxidation of aminophenanthrols has been 
employed for the preparation of the 1:2-, 1:4-, 
and 3:4-phenanthraquinone8 (Fieser, J. Amer. 
Chem. Soc. 1929, 51, 946, 1896, 2469), but these 
compounds are not of great importance. 

A substituent in the central ring of phen- 
anthrene is eliminated in the process of oxidation 
and a 9:10-quinone is again produced. This 
reaction frequently finds application in the 
elucidation of the structures of phenanthrene 
derivatives. 

Properties. —Phenanthraquinone crystallises in 
long needles (m.p. 205°), may be boiled (>360°) 
without decomposition and on sublimation gives 
orange-red prisms. It exhibits polymorphism 
(Lindpaintner, Mikrochem. 1939, 27, 21). The 
spectrographic properties have been studied 
(Seshan, Proc. Indian Acad. Sci. 1936, 8A, 172). 

A sensitive colour test which is capable of 
detecting 0-0006 g. of phenanthraquinone has 
been described (Laubenheimer, Ber. 1876, 8, 
224; Meyer, ibid. 1883, 16, 1624, 2972). 

Chemically, phenanthraquinone resembles 
naphthaquinone, but differs from the latter in 
that it can be prepared by direct oxidation of the 
hydrocarbon. 
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The quinone forms a phenylhydrazone (m.p. 
162-163'') (Werner and Frey, Annalen, 1902, 
821, 304) and both a mono- (m.p. 158°) and di- 
oximo (m.p. 202°) (Moyer and Auwers, Bor. 
1889, 22, 1989). The oximes form complex 
metallic salts and the monoximc is a very sensi¬ 
tive reagent for cobalt and ferrous salts (Ciusa, 
Gazzctta, 1936, 66, 591). 

In the presence of alkalis, phcnanthraquinones 
undergo the benzilic acid rearrangement. This 
fact accounts for the formation of fluorcnone 
(m.p. 84°) when phcnanthrene is oxidised with 
alkaline potassium permanganate (Anschutz and 
Japp, Ber. 1878, 11, 211). 




Phciianthraquinone and its derivatives, by 
virtue of the a-dikctone grouping they possess, 
undergo condensation reactions with a large 
variety of chemical compounds. Among the 
products produced are some which are claimed 
to have tinctorial properties and to have appli¬ 
cation in the dyestuff field, but none has attained 
any eminence industrially. Among the many 
classes of compounds that have been employed 
in these condensations may be cited the follow¬ 
ing: orthodiamines (Badische, G.P. 79570; 
90212; Sircar and Butt, J. Indian Chom. Soc. 
1924, 1, 201; Dutta, Ber. 1933, 66 [Bj, 1220), 
diaminoanthraquinones (Scholl and Kader, ibid. 
1904, 37, 4532), substituted phenylhydrazines 
(Guha and l)e, J. Indian Chem. Soc. 1926, 3, 55), 
substituted anilines (Fries, G.P. 130743; Sircar 
and Roy, J.C.S. 1924, 125, 543), aromatic 
aldehydes and their derivatives (idem, ibid. 1925, 
127, 1048; Sircar and Sircar, ibid. 1923, 128, 
1560) and ‘ various thio-compounds (Guha el 
al., J. Indian Chem. Soc. 1927, 4, 242; 1928, 
5, 155; I)e, ibid. 1930, 7, 361; Schonberg 
and Schutz, Ber. 1927, 60 [B], 2347). For some 
other mordant, vat, or azine dyes derived from 
phenanthraquinone, cf. Mukherjee and Watson, 
B.P. 9311, 1915 ; J.C.S. 1916, 109, 617 ; Watson 
and Butt, ibid. 1921, 119, 1211. 

The quinone forms a dibromide (Schmidt and 
Junghaus, Ber. 1904, 37, 3556). The 2-bromo- 
phemrthraquinone (m.p. 233°), also formed as 
a minor product, is prepared in better yield by 
bromination at 100° under pressure. Further 
bromination at 150-160° gives the 2:7-di5romo- 


dorivative (m.p. 323°). The 3:G-isomer is stated 
to be prepared in nitrobenzene solution (Courtot 
and Kronstein, Chira. et liid. 1941, 45, 66). 

When phenanthraquinone is boiled with con¬ 
centrated nitric acid for a short time the 2- 
(m.p. 257-258°) and the 4- (m.p. 179-180°) 
w?7ro-derivatives are obtained (Schmidt and 
Austin, Ber. 1903, 36, 3731; Schmidt and 
Kiimpf, ibid.f p. 3734). Further nitration gives 
the 2:7- (m.p. 300°) and the 4:5- (m.p. 228°) di- 
substitution products (Schmidt and Kilmpf, l.c.). 

Phenanthraquinone, or its bisulphite com¬ 
pound, can be reduced to 9:l0-dihydroxyphen- 
anthrene (Schmidt and Kamj)!, ibid. 1902, 35, 
3124; Knesch, G.P. 151981). Its conversion 
to 9-phenanthrol has already been mentioned. 

Phenanthraquinone can be completely hydro¬ 
genated over platinum at room temperature and 
over Raney nickel at 160° without loss of oxygen. 
The products obtained are perkydro-^J:l0-di- 
hydroxyphenanthrenes (Linstead and Levine, 
J. Amer. Chem. Soc. 1942, 64, 2022). Over 
nickel at 120°, hydrogenation yields mainly 
decahydro-d:lO-dihydroxyphenanthrene {cf. Skita, 
Ber. 1925, 58 [B], 2685). 

B. C. L. W. 

PHENAZONE. 1- Phenyl - 2:3 - dimcthyl- 

’ pyrazolone. “ Aidipyrincy Antipyretic. 
B.P., B.P.C. {v. Synthetic Drugs). 

S E 

PHENOBARBITONE. 5-Plienyl-5-ethyl- 
barbituric acid. LuminaV' Hypnotic and 
sedative; used in treatment of epilepsy. B.P., 
B.P.C. {v. Synthetic Drugs). 

S. E. 

PHENOBARBITONE SOLUBLE. 

Sodium 5 - phenyl - 5 - ethylburbiturate. Hyp¬ 
notic and sedative. B.P., B.P.C. {v. Synthetio 
Drugs). 

S E 

PHENOL AND ITS HOMOLOGUES.* 

Replacement of one of the six hydrogen atoms 
in benzene by the hydroxyl group gives phenol 
(also known as carbolic acid), i.e., monohydroxy- 
benzene, which is the first member of a very 
important homologous series, the monohydric 
phenols. The other members of this series are 
formed by replacement of one up to five of the 
remaining hydrogen atoms by alkyl groups. It 
will be clear that position isomerism of the 
hydroxyl and alkyl groups in the benzene ring 
can occur, as well as isomerism in the alkyl side 
chains themselves in the case of alkyl sub¬ 
stituents higher than ethyl; relatively large 
numbers of isomeric phenols can therefore exist 
when the substituent or substituents are from 
among the higher alkyl groups. Thus, in the 
case of methyl substituted hydroxybenzene, the 
methyl group can occupy one of three positions, 
ortho-, mota-, or para- with respect to the 
hydroxy-group. The three isomers resulting are 
the so-called cresols. With two methyl sub¬ 
stituents it is easily seen that six isomers are 
possible, the so-called xylenols. The position is 
similar for ethyl substituents. With one propyl 
substituent, there are three position isomers 
resulting from isomerism in the ring, and two 
possible propyl isomers leading to the existence 
of six isomeric propyl phenols, and so on with 
other alkyl substituted phenols. 
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The mo8t important monohydric phenol i8 
phenol itself, folloived by the alkyl phenols in 
which there are only one or two alkyl sub¬ 
stituents and in which the alkyl substituents 
have a relatively small number of carbon atoms. 

If two of the hydrogen atoms in benzene are 
replaced by hydroxyl groups, it is apparent that 
there can exist three isomers, the ortho-, meta-, 
Jind para-dihydroxybonzenes, known respec- 
l ively as catechol, resorcinol, and hydroquinonc, 
which, in a manner strictly analogous to the case 
of phenol, form the first members of other 
homologous scries, the dihydric phenols. 

In like manner are formed the homologous 
series of tri-, tetra-, and pcmta-hydi'ic phenols. 
When all six hydrogen atoms in benzene arc 
replaced by hydroxyl groups, hexahydric jdicnol 
results, and is, of course, the sole member of the 
homologous series. In the case of these poly- 
hydric phenols, only the unsubstituted di- and 
tri-hydric phenols are of industrial importance. 

General Pr oxter ties. 

Physical .—When pure, phenols arc white 
solids or colourless liquids at room temperature. 

Monohydric phenols have very characteristic 
burning tastes, and odours varying from the 
bland sweetish smell of the lowest member of the 
series, phenol, to the sharp sjucy type of smell 
possessed by the higher homologucs. The 
dihydric phenols have slight odours, while the 
tri-, tetra-, penta-, and hcxa-hydric phenols arc 
almost odourless. 

Monohydric phenols arc soluble in water at 
room temperature, the solubility decreasing 
from about 7*5% in the case of phenol, to below 
0*2% in the case of the higher homologues such 
as butylphenol; polyhydiic phenols are much 
more soluble. In organic solvents, monohydric 
phenols are, in general, easily soluble, especially 
in oxygenated solvents; the polyhydric phenols 
are easily soluble in oxygenated solvents but 
much less soluble, or in the case of the tri- and 
higher poly-hydric phenols, only slightly soluble 
in other organic solvents. 

All phenols have antiseptic and germicidal 
properties, the effect increasing to a maximum on 
increasing the length of the alkyl side chain sub¬ 
stituents to about six carbon atoms, and being 
affected by the number of hydroxyl groups 
present. 

Phenol, the lowest member of the monohydric 
phenols, is liighly toxic and caustic, the creaols 
being less so, with a further progressive falling 
off as the higher members of the series are 
reached. Pol^diydric phenols, while being less 
caustic than the monohydric, are still markedly 
toxic; the toxicity appears, in part at least, to 
be associated with their general strong reducing 
properties. 

Chemical .—Phenols behave as weak mono- or 
poly-basic acids, depending upon the number of 
hydroxy-groups present, the acidity diminishing 
with increase in length of the alkyl substituent 
side chains, and with the number of alkyl sub¬ 
stituents. The hydroxy-group in phenols also 
exhibits properties similar to that in the alcohols, 
especially tertiary alcohols. Thus, phenols form 
esters with acids, and ethers by condensation 
with other phenols or alcohols. 


The presence of the hydroxyl group in phenols 
facilitates the substitution of the hydrogen atoms 
attached to the benzene nucleus, by such sub¬ 
stituents as the halogens, cyano-groups, nitro- 
groups, sulphonic acid groups, azo-groups, etc., 
and large numbers of phenols so substituted are 
known. The substitution of hydrogen by azo¬ 
groups is especially important, since a consider¬ 
able number of azo dyes {q.v.) are thus prepared. 
The reaction is, in general, carried out by 
reaction between diazo-comj)ounds {q.v.) and 
sodium salts of phenols in aqueous alkaline 
solution. 

Heating phenols with zinc dust results in 
partial reduction to the parent hydrocarbon, 
e.g.y phenol itself gives benzene. 

Reaction of phenols, especially nitro-phenols, 
with phosi)horus pcntachlorido results in the 
substitution of the hydroxyl group by chlorine; 
with phosphorus sulphide, thiophenols are pro¬ 
duced. Heating phenols under pressure with 
aqueous ammonia results in the replacement of 
•OH by -NHa, giving aniline or nuclear sub¬ 
stituted anilines. 

Dry alkali salts of phenols arc converted by 
carbon dioxide at temperatures around 150- 
200'^’. to the alkali salts of ortho- and/or para- 
phenolcarboyxlic acids; e.g., phemol gives 

salicylic acid Those carboxylic acids are 

also formed by heating aqueous alkali phenates 
with carbon tetrachloride. If chloroform is 
substituted for carbon tetrachloride, the corre¬ 
sponding aldehj^des are formed. 

With formaldehyde, phenols react to give 
phenol alcohols thus : 


OH 



CHjOH 


which can further condense to give phenol- 
formaldehyde resins (?;. Plastics). These resins 
have, during the past 20 years, found many 
important uses, and their manufacture absorbs 
a substantial percentage of the world’s phenol 
production. 

On reaction with benzotrichloride, phenols 
give triphcnylmethane derivatives, which are 
the parent substances for certain triphenyl- 
methane dyestuffs. 

Phthalic anhydride reacts with phenol to give 
the phthaleins. 

Catalytic reduction of phenols with hydrogen 
under suitable conditions gives substituted 
cyc/ohexanols or cyc/ohexanones; substituted 
tetra- and hexa-hydrobenzenos are also obtained. 

With powerful oxidising agents, such as per¬ 
manganate in aqueous solution, phenols can be 
completely oxidised to carbon dioxide and water. 
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M.p. or 
c.p. 

(crystal¬ 
lising 
point), ‘’C. 


Phenol. 

o-Crcsol. 

w-Oresol. 

p-C'resol. 

()-3-Xylenol . . . . 

o-4-Xylcn()l . . . . 

w-2-Xylcnol . . . . 

m-4-Xylenol . . . . 

w-5-XyIcnol . . . . 

p-2-Xylenol . . . . 

o-Ethylphcnol 

m-Ethylphenol 

p-Ethylphenol 

Mcsitol (2:4:6-Trimethyl- 

phcnol). 

Cuiniriol (2:3:5-Triniethyl 

phenol). 

Hcmellithenol (3:4:5-Tri- 
rnethylphenol) . 
2:3;4-Trlmethylphenol (c 
secutive ^•cuminol) . 
2:4:5-Trimethylphenol . 
o-Propylphenol . 
o-isoPropylphenol 
w-Propylphenol . 
m-i’soPropylphenol . 
p-l’ropylphenol . 
2-Methyl-4-ethylphenol . 


2-Methyl-5 

2- Methyl.6 

3- Methyl.4 
3-Methyl-5 

3- Methyl-6 

4- Methyl-3 
4-Methyl-6 
2-Propyl-4- 


-ethylphenol . 
-ethylpheiiol . 
-ethylphenol . 
-ethylphenol , 
-ethylphenol . 
-ethylphenol . 
-ethylphenol . 
-methylphenol 


Thymol (3-Methyl-6-tso- 
propylphenol) . 
Carvacrol (2-Mothyl-5-iso- 
propylphenol) . . . 

o-iert.-Butylphenol . . 

P-«ert.-Butylphenol . . 

2:4-Dimethyl-6-ethylphenol 
3:4-Dimethyl-6-ethylphenol 
p-teri.-Amylphenol . 

3-Methyl-4-amyIphenol 
(Amyl-w-cresol) 
p-dliso-Butylphenol . 
2;4:5-Trimethyl-6-ethyl- 
phenol .... 
2:3:4:5-Tetramethylphenol 
2:3:4;6-Tetramethylphenol 
2:3:5:6-Tetramethylphenol 
Pentamethylphenol . . 


08-69 (•’) 
95 (3) 

81 (3) 


61 - 52 ( 10 ) 


80-81 (3) 
117(3) 
125 (3) 


Boiling point, "t 

. at mm. Hg. 

Density, 

760. 

400. 

100. 

20. 

g. per ml. 
at t°G. 

]81-7(i) 

160-0 (6) 

120-2(6) 

85-8 (6) 

1-073/20(1) 

1910(1) 

168-4 (6) 

127-4 (6) 

90-6 (6) 

1-051/20(1) 

202-2(1) 

179-0 (6) 

138-0 (6) 

101-3(3) 

1-035/20(1) 

202-0(1) 

179-4(6) 

138-4 (6) 

101-8(3) 

1 035/20(1) 

218-0(1) 


150(2). 

112(2) 

— 

227-0(1) 

-- 

160(2) 

122 (2) 

— 

201-0(1) 

— 

— 

— 

— 

211-5(1) 

— 

143 (2) 

105 (2) 

1-026/20 (1) 

221-5(1) 

— 

155 (2) 

117-5(2) 

1-010/20(1) 

211-5(1) 


143 (2) 

105 (2) 

1-020/20 (1) 

200-5 (3) 

- 

138-5 (2) 

101-5 (2) 


214 (2) 

__ 

151 (2) 

114-5 (2) 

1.025/f« 

218-5-219-5 (3) 

- 

153 (2) 

115 (2) 


219-5(3) 




- - 

230-231 (3) 


-- 


-- 

234-235 (3) 
224-0-226-8 (3) 

- 

-- 



212-0-213-5(1) 

— 

— 

— 


228 (3) 



... 


260-262, d. (3) 





230-232-6 (3) 




__ 

224-5/740 
umi. (’) 

- 

— 

— 

- 

224 (7) 

— 

— 


— 

212-214(10) 


— 


— 

235 (7) 

233 (7) 





234-235 (7) 




- . 

216-218 («) 

— 

-- 



— 



128-130/ 

27 mni.(8) 

— 

231-8 (11) 

— 

— 

- 

0-969 (11) 

237-9(11) 

_ 

— 

_ 

0-976 (11) 

22J (2) 

— 

153(2) 

114(2) 

— 

237 (2) 

— 

170 (2) 

130-5(2) 

0-908/14 (2) 

227-228 (10) 

— 

— 

■— 

— 

— 

— 

— 

— 

— 

262-5 (2) 

— 

— 

138-5 (2) 

0-902/20 (2) 

— 

_ 

_ 

_ 

_ 

280-283 (5) 


— 

_ 

— 

2.50-252 (10) 

— 

— 

— 

— 

248-250 (3) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

249-250(3) 

— 

— 


— 

267 (3) 

— 

— 


— 


1 Standardisation of Tar Products Tests Committee, 
“ Standard Methods for Testing Tar and its Products,” 
2nd ed., 1938, p. 880. 

2 Pardee and Weinrich, Ind. Eng. Ohem.,1944,86,596. 

3 U.8. Bur. Mines Bull. Tech. Papers and Report In¬ 
vest. No. 2968. 

< Kruber and Schmitt, Bor. 1981, 64 [B], 2270. 

5 Niederl, Ind. Eng. Chem. 3938, 30, 1269. 


® Kahlbaum, Z. Physikal Chem. 1898, 26, 608. 

7 Morgan and Pettet, J.C.8. 1934, 418. 

8 Hill and Graf, J. Amer. Chem. Soc. 1915, 87,1848. 
® Clemmensen, Ber. 1014, 47, 51. 

Id Auwers, Bundesmann. and Wieners, Annalen, 
1926,447, 162. 

11 Int. Cnt. Tables. Nat. Res. CouncU, U.8.A., Ist 
ed.. 1926. Vol. I, p. 237. 
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By suitable control of the conditions, inter¬ 
mediate products such as oxalic or tartaric acids 
can be isolated. 

Space will not permit more than the above 
brief outline of the properties being given here, 
and for a good detailed review, and a full biblio¬ 
graphy of the subject, the reader is referred to 
“ Traite de Chimie Organique,” Tome VI 
(publie sous la direction de Victor Grignard, G. 
Dupont, et R. Looquin; Masson et Cie, Editeurs, 
Paris, 1940). 

A. THE MONOHYDRIC PHENOLS. 

Physical Constants .—^Useful physical constants 
of some of the most important and bettor known 
nionohydric phenols are given in Table I, to¬ 
gether with such incomplete data as is available 
for some of the less well-known members of 
the series. Literature references are given in 
brackets thus (0 by the side of the physical 


constants, the key to these numbers being given 
immediately after the table. In order to avoid 
unduly lengthening the literature references, 
some of the very early ones are taken from a 
collected data review (3). 0 

Characterisation .—Derivatives of the mono- 
hydric phenols suitable for use in characterisa¬ 
tion, and also in certain cases for qualitative 
separation of mixtures, are: (i) (he aryloxy- 
acetic acids usually prepared by reaction between 
the sodium salt of the phenol and sodium chloro- 
acetato in aqueous solution; (ii) the phenyl- 
urethanes made by' reaction between the dry 
phenol with i)henyh’ 5 ocyanate at lOO^c.; (iii) the 
xcnylurethanes similarly formed from the dry 
phenol and p-xonyIsocyanate at 110 ”; and 
(iv) the 3:5-dinitrobenzoatos formed by warming 
the j)henol and acid chloride, and crystallising 
the product from a suitable solvent. Table II 
gives the melting-points of a number of these 
derivatives. 


Table II. 


Phenol. 

Derivatives, with m.p., ®C. 

Aryloxyacctic 

Phenyl 

Xenyl 

3:5-Diuitro- 



a(5i(l. 

uretlmnes. 

urethanes. 

benzoates. 

Phenol. 

98-99 (1) 

126(10) 

173(10) 

145-8 («) 

o-Cresol. 

1.51-1.52(3) 

144 (10) 

1.51 (10) 

138-4(0) 

w-Cresol. 

102 (3) 

125(10) 

164(10) 

105-4(0) 

j5-Crc8ol. 

13.5-136 (4) 

115(10) 

198(10) 

188-6 (0) 

w-2-XylonoI. 

140-141 (5) 

133 (5) 

198(10) 

158-8 (0) 

7w-4-Xylenol. 

141-6 (D 

112(5) 

1.S4 (10) 

164-6 (0) 

'P-2-Xylenol. 

118(6) 

162(8) 

162 (10) 

137-2(9) 

o-3-Xylciiol. 

185-187(5) 

176(5) 

— 

m-5-Xylenol. 

111 (D 

151 (8) 

1.50 (10) 

195-4 (0) 

o-4-Xylcnol. 

162-5 (<►) 

120(5) 

183 (10) 

181-6 (0) 

o-Ethylphenol. 

140-141 (5) 

141(5) 


— 

w-Ethyl phenol. 

75-0-75-5 (5) 

138-8 (5) 

— 

— 

?)-Ethylphenol. 

2:3:6-Tnmethylphenol (i) (consecutive ifi- 

96-97 (5) 

120(5) 

— 

— 

cumenol). 

— 

— 

180(13) 

— 

•2:4:5-Trimothylphenol (1) (^-cumenol) . 

•—- 

110(10) 

196(10) 

— 

2-Methyl-6-ethylphenol (1) .... 

— 

— 

100 (13) 

— 

2-Methyl-6-ethylphcnol (1) .... 

— 

150-151 (11) 

— 

— 

3-Methyl-4-ethylphenol (1) .... 

— 

— 

152(13) 

— 

3-Methyl-6-etliylphenol (1) .... 

— 

151 (13) 

125(13) 

— 

3-Methyl-0-ethylpheuol (i) . . . . 

— 

127-128(11) 

— 

— 

4-Methyl-2-ethylphenol (0 , . . . 

— 

99 (13) 

— 

— 

4-Methyl-3-ethylphenoI (1) .... 

— 

— 

162(13) 

— 

4-Methyl-6-ethylphenol ( 1 ) .... 

— 

101 (12) 

— 

— 

2-Propyl-4-mcthylphenol (1) .... 

— 

99 (12) 

— 

— 

Thymol. 

— 

106(10) 

194(10) 

103-2 (0) 

Carvacrol. 

— 

135 (10) 

166 (10) 

76-77(14) 

2;4-Dimethyl-6-ethylpheiiol (1) . . . 

— 

113-5(11) 

— 

— 

3:4-Dimethyl-6-ethylphenoI (i) . 

— 

51-52(11) 

—■ 

— 

2:4:5-Trimethyl-0-ethylpheuol (i) . . 


136-138(11) 




J Hantzsch, Ber. 1886,19, 1296. 

2 Oglialoro and Cannone, Gazzetta, 1888, 18 , 511. 

3 Oglialoro and Foret, Gazzetta, 1890, 20, 508. 

^ Gabriel, Ber. 1881, 14 , 923. 

3 Steinknopf and HOpner, J. pr. Chem. 1926, [ii], 
113 , 137. 

< Gluud and Breuer, Ges Abh. Kennt, Kohle, 1918, 
2 , 257. 

^ XJ.8. Bur. Mines, Bull. Tech. Papers and Rejport 
Invest. No. 2968. 

* Fromm and Eckard, Ber. 1923 56 [B], 953. 

Wales and Palkin (J. Amer. Chem. Soc. 1926, 
48, 810; c/. Formdnek and Knop, Z. anal. Chem. 
1917, 56, 273) proposed to characterise phenols 
by spectroscopic examination in various solvents 
of the azo* dyes formed from them by coupling 
with p-nitrohenzehediazonium chloride. The 
adsorption bands, however, tend to be broad, 


9 Phillips and Keenan, J. Amer. Chem. Soc. 1931, 
53, 1924. 

10 Morgan and Pettet, J.C.S. 1931,1124. 

Auwers, Bundesmann, and Wieners, Annalen, 
1926, 447, 162. 

12 HiU and Graf, J. Amer. Chem. Soc. 191.5, 37,1843. 

13 Morgan and Pottot, J.C.S. 1934, 418. 

1^ I. M. Hellbron and H. M. Bunbury, “ Dictionary 
of Organic Compounds,” 2nd cd., Eyre and Spottlswodc, 
1943. 


and the differences in maxima between closely 
related phenols rather small. 

Of much greater interest is the recent work by 
Thompson et al. (J.C.S. 1945, 268; Trans. 
Faraday Soc. 1945,41,279, 200) which has shown 
that the infra-red absorption spectra for a 
number of different phenols in the range 7-15/i. 
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are highly characteristic, as is the case with 
many other groups of compounds. Extension of 
this method should form the basis of a general 
method of characterisation. 

Sourc0^. —When organic matter, especially 
that of vegetable origin, is destructively distilled, 
phenols are usually found in the distillates; 
destructive distillation or carbonisation of coal, 
as in gasworks or coke-oven plants {v. Vol. Ill, 
258), gives as distillate coal tar (v. Vol. Ill, 207) 
containing up to 50% phenol, crosols, xylenols, 
and other higher phenol homologues, the propor¬ 
tion of the various phenols and the total amount 
depending upon the kind of coal carbonised, and 
upon the conditions of carbonisation. Coal tar 
forms one of the main sources of these phenols 
(for detailed methods of manufacture, see 
Vol. II, 303; Vol. Ill, 424, 426). 

Petroleum distillates often contain appreciable 
amounts of phenols and its homologues. The 
phenols are isolated from the distillates to a 
considerable extent in the U.S.A. and probably 
also in Russia. 

Certain essential oils, obtained by pressing or 
steam distilling seeds or leaves of certain })lants, 
contain phenols, and often form valuable com¬ 
mercial sources : thus a considerable amount of 
thymol is obtained from Indian Ajowan Seed 
Oil. The essential oils of Origanum and Thyme, 
depending upon their origin, contain up to 
00-80% of thymol or carvacrol. For fuller 
details, see Bull. Imp. Inst. 1924, 22, 265; 
Pcllini, Annali Chirn. Appl. 1923, 13, 97. 

Modern demands, however, for many phenols 
are such that the so-called natural sources 
mentioned above are totally inadequate, and 
accordingly the phenols have largely to be manu¬ 
facture i by sythetic methods, as is the case with 
phenol itself, and its homologues carvacrol and 
thymol, to mention only three. In some cases 
no natural sources of the phenols are known, and 
thus they have to be obtained by synthetic 
methods, e.g.^ p4ert,-amyh and -octyl- 

phenols. 

Phenol (Carbolic Acid). 

This has been dealt with at length in the 
article on Carbolic Acid (Vol. II, 303c); addi¬ 
tional information given here will serve to 
supplement the earlier data. 

Manufacture. i 

Natural Phenol (so called) from crude Carbolics 
and Cresylics (Tar Acids) obtained from Coal 
Tar. —Continuous vacuum fractional distillation, 
worked so largely in the petroleum industry, has, 
in recent years, been adapted to the separation 
of phenol, especially in the U.S.A. and to a less 
extent in this country. By suitably designing 
columns and working at reflux ratios appropriate 
to the crude tar acids being distilled, it is 
possible to obtain, directly, phenol of c.p. 39- 
41°o. which is of sufficient purity for many 
uses other than pharmaceutical. One of the 
advantages over other methods, involving batch 
distillation and refngeration, is the marked 
saving in energy requirements per unit of 
phenol produced. 


Synthetic Phenol. — (a) The classical bonzeno- 
sulphonation alkali-fusion method, as befits its 
importance (indicated by the fact that a large 
proportion of the synthetic phenol made is still 
produced by this method), continues to engage 
attention directed to ways and means of im¬ 
proving its economics, to enable it to meet 
increasing competition from the newer methods : 

(i) Kokatnur (U.S.P. 2111973; cf. Othmer and 
Loyes, Ind. Eng. Chom. 1941, 33, 158) proposes 
the use of partial-pressure evaporation tech¬ 
niques in both the sulphonation and fusion 
stages. Benzene is sulphonated in the 2 )ro 8 enco 
of a high-boiling najditha cut, and the resulting 
sodium benzenosulphonatc obtained after neu¬ 
tralisation is fused with caustic soda under a high- 
boiling kerosene fraction. Only a very small 
excess of sulphuric acid and of caustic soda 
(l-.5%) over theory are required. A yield of 
92% theory of j)hcnol on benzene is indicated. 

(ii) Bouvier et al. (B.P. 406646; 416930; 

U.S.P. 1992167; cf. Tyrer, B.P. 554878; 
559642) (daim a process for economising in all^ali 
in manufacturing jflienol and homologues by 
carrying out the fusion of the benzene or other 
sulphonates in molten sodium phenates, and 
carrying over the i^hcnol produced by hydrolysis 
of the phenate in a current of steam passed 
through the reactants in the temperature range 
of 280“370^c., thus leaving free caustic to react 
wdih the sulphonates to give further phenol 
(cf. Tyrer, B.P. 554878; 559642, which claims 
the use of inorganic bases other than caustic 
alkali), (iii) Miller (IT.S.P. 2378314) and Harris 
(U.S.P. 2353237), pointing out some inherent 
disadvantages in the standard fusion technique, 
claim a (continuous fusion method which involves 
feeding the reactants, sulphonates and caustic 
soda, into an agitated horizontal reaction vessel 
maintained in the tem 2 )oraturo range of 320- 
410°c. In the case of sodium benzencsulphonatc, 
a 96% theory yield of sodium jffienate is claimed 
with a reaction period of about 30 minutes. 

(b) Increasing attention has been paid during 
the last few years to new and non-classical 
methods of manufacturing phenol. Of these, 
methods depending upon alkali hydrolysis of 
chlorobenzene have been fully discussed in the 
article on carbolic acid; three other methods, 
however, call for brief discussion, their success 
depending as much upon sound chemical 
engineering as upon their chemistry. 

(i) The first method (B.P. 387832; 410331; 
cf. U.S.P. 2138609) depends upon the steam 
hydrolysis of chlorobenzene at atmospheric 
pressure. The process was worked in Germany 
for several years after the beginning of the 1939 
war, and since 1940, on a much larger scale, in 
the U.S.A., where about 15,000,000 lb. of phenol 
per annum were produced (Chem. Met. Eng. 1940, 
770; 1945,107; Ind Eng. Chem. 1941, 33, 278). 
In brief, the reaction is carried out in two stages. 
In stage (1), benzene vapour is partially clilori- 
nated catalytically by hydrochloric acid and air 
in an exothermic reaction taking place at about 
210°o. thus: 

2CeHfl+02-f HCl aCeH^CI-f HgO. 

About 10% of the benzene is chlorinated per 
pass to monochlorobenzene, while a very small 
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peroentage is chlorinated to di- and higher 
chlorobenzenes which form practically the only 
by-products of the process. The benzene- 
chlorobenzcne-wator mixture is fractionated, 
giving benzene as the overhead, which returns 
to the chlorination stage, and chlorobenzenes as 
still residue, which, after fractional distillation, 
is passed (stage 2) in vapour form with the water 
obtained in stage (1) over a hydrolysis catalyst 
at about 400° whereby part is hydrolysed thus: 

CgH^Cl f HgO -> CqH^OH+ HCI. 

Phenol for sale is separated by distillation, 
the acid formed goes back to stage (1), and 
the unchanged chlorobenzene is returned to 
stage (2). To render the process economic, 
highly efficient heat exchange is necessary, while 
the corrosion problem involved in handling wet 
hydrochloric acid gas is overcome by using, to a 
large extent, brick-lined and earthenware equip¬ 
ment with tantalum coils for steam heating. 

(ii) The second process (Canad. P. 391844; 
IJ.S.P. 2223383; 2303658; 2328920; 2382944; 
.see also Newitt and Burgoyne, Pro('. Boy. Hoc. 
1936, A, 153, 448) involves the direct air oxida¬ 
tion of benzene in vapour phase at pressures 
near atmospheric, by passing the reactants, air- 
l)enzeno mixture, into a chamber kept at about 
800°, with its walls specially coated to eliminate 
catalytic effects. Only partial reaction is ac¬ 
complished per pass, and after separating the 
phenol produced tlic unreacted benzene is re- 
(^ycled. This process is still in its initial stages, 
and further dovcloj)ments should be interesting, 
especially in view of the fact that a most recent 
dovolopmont of the method (U.8.P. 2382148), 
(daims that using iodine as a catalyst the yield 
of phenol on benzene consumed can be raised 
from about 40% without catalyst to about 56% 
theory with catalyst. 

(iii) The third and last process to be men¬ 
tioned (U.S.P. 2321551) is unlike any other 
synthetic method so far described, and depends 
upon a hydrogen exchange reaction, cyclo- 
Hexane, which can be obtained by the catalytic 
hydrogenation of benzene, is oxidised in the 
presence of a cobalt acetate catalyst at around 
173°/30 atm. to give a mixture of cyc/ohexanol 
and ryrZoliexanone. 

CoH„C„H,iOH + C,Hi„0+H,0. 

The cyriohexanol-cycZohexanone reaction pro¬ 
duct is then caused to undergo hydrogen ex¬ 
change reactions by mixing it with benzene and 
flowing the mixture through a convertor con¬ 
taining a nickel catalyst (which acts as a hydro¬ 
genation and dehydrogenation catalyst) under 
an autogenously-developed hydrogen pressure 
of 30 atm,, and at about 250°o. The reaction 
product is a mixture of phenol, cycZohexanol, 
eyeZohoxanone, cyclohexane, and benzene, which 
is separated by fractional distillation. The 
eyeZohexane, cyc/ohexanol, cyclohexanone, and 
benzene are recirculated with suitable reactant 
make-up. The overall result is the indirect 
oxidatiop of benzene to phenol, the yield of 
which is stated to be 863 g. from 277 g. cyclo¬ 
hexane and 623 g. benzene, which is equivalent 
to 81’3% theory overall on the hydrocarbons 


consumed. The inventor states that the hydro¬ 
gen exchange reaction can bo carried out in two 
steps involving ondo- and oxo-thormic reactions, 
which practically balance out. The overall 
reaction thus requires little or no external heat. 
Accepting the yield mentioned in the patent as 
being obtainable on the large scale, it would 
appear that this process is economically feasible, 
and, in the writer’s opinion, further develop¬ 
ments are to be expected. 

Uses. 

In addition to the uses detailed in the earlier 
article on carbolic acid, considerable phenol 
tonnage is chlorinated to tri-, tetra-, and penta- 
chlorophenol; 2:4:()-trichlorophenol has marked 
preservative and fungicidal properties, while the 
tetra- and pcnta-chlorophcnols ai’e even more 
antibiotic and, being nearly insoluble in water 
and possessing very low volatility at room tem¬ 
peratures, have great value for outdoor wood 
and fabric preservation. The free phenols are 
usually apx>lied in an oil solution, but aqueous 
solutions of the sodium salts of tetra- and i)enta- 
chlorophenol are largely used for dq^ping freshly- 
sawn wood in Scandinavia, TJ.S.A., and Canada; 
acids in the wood cause deposition of free phenols 
in the wood structure, which effectively prevent 
attack by sapstain organisms, various wood- 
rotting organisms, and certain insects. For a 
detailed account of pentachlorophenol, free and 
as sodium salt, see Carswell and Nason, Ind. Eng. 
Chem. 1938, 30, 622. Certain chlorophenol and 
chlorophenol homologuo derivatives, namely 
chlorophenoxyacetic acids, have recently found 
considerable application as synthetic plant 
hormones which cause f)athogenetic fruit for¬ 
mation and which form the basis of certain 
selective weed killers. 

One new and substantial use, and one which 
should largely increase during the next decade, 
is as a raw material for “ A’^y/oa” production, in 
which phenol is reduced catalytically by hydro¬ 
gen to cyc^ohexanol, from which adipic^ acid is 
made, and which, by further condensation with 
hexamcthylcnediamine, produces “A^y?07i” {v. 
Vol. IV, 125c). 

Prodaclion. 

Few reliable figures are available for phenol 
production in this country, but the following, 
relating to natural (coal tar) phenol production 
during the years 1942, 1943, and 1944, taken 
from the Ministry of Fuel and Power (Statistical 
Digest 1944, Cmd. 6639) will bo of interest: 

Year .... 1943 1944 1945 

Production, in tons. 8,200 8,700 9,200 

I No corresponding figures for synthetic phenol 
‘ production can be given, but it is considered to 
amount to a substantial fraction of the natural 
product. 

Far more data are published relating to U.S.A. 
manufacture, and figures showing the trend 
during the past thirty years (U.S. Tariff Com¬ 
mission Reports Nos. 131, 136, 140, 148; Pre¬ 
liminary Reports on Production and Sales of 
Synthetic Organic Chemicals, 1944, 1946; 
Chemistry of Coal Utilisation, Chapman and 
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Hall, 1945, Vol, II, pp. 1345-1346) are given in 
round numbers in tabular form below : 



Total phenol 


Year. 

production in 
millions of lb. 

Period. 

1914 

1 


fPirst 

1916 

65 


World 

] 918 

108 


LWar. 

1919 

1 



1923 

3 



1926 • 

15 



1927 

8 



1929 

1932 

25 

14 


^ Peace. 

1934 

46 



1936 

43 



1937 

60 



1938 

44 

- 


1940 

1944 

69 

202 

i 

fSccoiid 

World 

War. 

1040 

/184 (synthetic)*) 
t 20 (natural) J 

Peace. 


It may be mentioned that Natural Phenol, 
1 ,000,000 lb., accounted for the whole pro¬ 
duction in 1914; the figure for Natural Phenol 
production in 1944 had risen to 29,000,000 lb., 
but this substantial increase is completely over¬ 
shadowed by the vast developments in synthetic 
])henol production, rising from nil in 1914 to 
173,000,000 lb. in 1944. It is of interest also 
to note that the increased production in the First 
World War was mainly due to its use in explosive 
(picric acid) manufacture, whereas, in the Second 
World War, the increase was associated with a 
large increased use as a basic raw material for 
s^Tithetic resin manufacture, and by a large new 
use in the recently established ^*Nylon^^ industry. 
In 1944, the average U.S.A. price for synthetic 
phenol was 010 dollars per lb. and for natural 
phenol 0*09 dollars, as compared with about 
double the first figure in this country. The 
greater part of the higher cost in this country is 
undoubtedly due to the much smaller scale of 
working, but part appears to be due to the use 
of less efficient manufacturing methods and, in 
addition in the case of synthetic phenol, to the 
high basic production-cost of benzene. 

The Cbesols. 

Coal tar forms the main source of these 
phenols, which have been dealt with at length 
in the earlier articles on Cbesol (Vol. HI, 4246) 
and Cresylio Acid (Vol. Ill, 4266); supple¬ 
mentary information only is given here. 

o-Cresol. 

Manufacture. 

As is the case with phenol, continuous vacuum 
fractionation can be used instead of batch 
fractionation for separating an o-cresol-rich 
fraction from the residue remaining after phenol 
recovery from tar-acid mixtures. 

m- and p-Cresols. 

Manufacture. 

The separation of m- and ^-cresols from coal 
tar cresolfl-distiUate fractions stiU continues to 
engage attention, indicating that the earlier 
processes are subject to certain chemical or 


economic limitations. Undoubtedly the uses of 
these cresols would be considerably extended if 
methods of manufacture were available giving 
the pure isomers at a cost comparable with that 
of phenol. 

(i) Carswell (U.S.P. 2042331) proposed a 
method of separation depending upon the fact 
that m-cresol and phenol form a crystalline com¬ 
pound even in the presence of p-cresol [cf. Daw¬ 
son and Mountford, J.C.S. 1918, 118, 923, 935; 
cf. Kendall and Beaver, J. Amer. Chein. Soc. 

1921,43,1853). Carswell adds phenol in amount 
necessary to form the compound in a m-, j>- 
(•resol fraction, cools, separates off the crystalline 
compound, and resolves it by fractional distil¬ 
lation. From the mother liquors, p-crosol is 
said to be obtainable by refrigeration. 

(ii) Weinrich (Ind. Eng. Chem. 1943, 35, 264) 

and Stevens (ibid., p. 653 ; cf. U.S.P. 2290602 ; 
2297588 ; 2327938) give details of a rather 

novel metliod of separation involving dibutyl- 
ation, separation of the butylated cresols by 
fractional distillation, and finally debutylation 
to give pure m- and p-crosols. A somewhat 
similar method is described in B.P. 557519. 

(iii) It has been proposed to manufacture p- 
cresol synthetically by a sulphonation-alkali 
fusion process from toluene analogous to the 
phenol process from benzene but, as far as is 
known, without commercial success. Rec'ently 
(B.P. 518450) difficulties inherent in this method 
are pointed out, and an improved process 
claimed, in which sodium o-toluenosulphonate is 
fused along with another arylsulplionate sucli as 
sodium benzenesulphonate. From the fusion 
product, a mixture of phenol and jp-cresol results 
which can bo separated by fractional distillation. 
No yield figures are given, but if it should be 
possible to get yields comparable with those of 
phenol from benzene, and if a large-scale usage 
of p-cresol developed, this method would enable 
p-cresol to be produced at a price not much 
higher than that of phenol. 

! It has been proposed to manufacture w-cresol 
synthetically from either o- or ^-chlorotolueno 
by vapour-phase hydrolysis with steam at 400- 
650°c. in the presence of a suitable hydrolytic 
catalyst (Shrove and Marsel, Ind. Eng. Chem. 
1946, 38, 254). During, or after, the hydrolysis, 
rearrangement of the hydroxy-substituents in 
the benzene ring from the ortho- or para- 
position to the more stable meta-position 
must occur, a rearrangement which is by no 
means uncommon (cf. Baddeley, B.P. 555751; 
J.C.S. 1943, 527). Nothing is known, as yet, of 
large-scale developments of this method. 

Analytical Methods. 

Harrison (J.S.C.I. 1943, 62, 119; ibid. 1944, 
63, 347) gives details of the application of 
the Spekker absorptiometer to cresol-mixture 
analysis, depending upon the use of this in¬ 
strument to measure the intensity of colour 
developed by these phenols when treated with 
MiUon reagent. The method is said to give satis¬ 
factory results and to be reasonably rapid. 
Thompson and Whiffin (J.C.S. 1945, 268) have 
given details of a method for the rapid and 
accurate analysis of cresol mixtures based on 
infra-red spectra measurements in cyclohexane 
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solutions. Phenol can be detected in cresol 
mixtures and data. given indicates that the 
method is capable of application to the analysis 
of xylenols-ethylphenol mixtures. With the 
exception of the cineole method for o-cresol, 
presont-day methods for accurate estimation of 
phenol and the other cresols are, in general, 
slow, and in the case of xylenol mixtures 
practically non-existent, so that the importance 
of the new technique is obvious. 

Uses, 

The main uses have been detailed in the earlier 
articles on cresol and cresylic acid {g.v.)^ from 
which it will bo seen that the pure isomers, 
especially the meta- and para- isomers, are mainly 
used in small-scale speciality products. A greatly 
extended usage in synthetic resin manufacture 
can be envisaged, if and when they become avail¬ 
able in large quantities, at a price comparable 
with that of phenol. The resins derived from 
w-cresol are in many ways comparable with 
those from phenol, while valuable oil-soluble 
resins can be manufactured from p-cresol. 

Production. 

No production data are available in this country, 
but figures for the U.S.A. taken from the same 
source as those given for synthetic phenol show 
that the production of o-cresol in round numbers 
in millions of pomids in 1942, 1943, and 1944 
were 1, 4, and 4 respectively, the price dropping 
concomitantly with increase in production from 
0-15 to 0-13 dollars per lb. No figures are 
j)ublished for m- and p-cresol here or in the I 
U.S.A., but it is clear from their known uses that 
these must be very small in each case as com¬ 
pared with those for phenol or cresol mixtures. 

The Xylenols. 

The xylenols (dimethylphenols) form, together 
with W-, p-cresol and the ethylphonols, a con¬ 
siderable proportion of the phenols fraction from 
coal tar boiling in the range 200-230''c. (Raschig, 
Z. angew. Chem. 1912, 25, 1939; Briicker, ibid. 
1928, 41, 1043, 1062) and, up to recently, this 
fraction has constituted the sole source of such 
xylenols as have been prepared in pure form in 
any quantity. A considerable amount of in¬ 
genuity and time has been expended in trying to 
develop methods for the economic separation of 
pure xylenols from the fraction containing them, 
such as; (i) The separation of 2:5- and 2:4- 
diraethylhydroxybenzene from the tar-acid frac¬ 
tion b.p. ca. 211°o. by sulphonation and crystal¬ 
lisation of the sulphonic acid of the 2:6-(p) 
xylenol from the mixture, and of the potassium 
salt of the sulphonic acid of the 2:4-xylenol from 
the residue, followed in both cases by steam 
hydrolysis to give the free phenols, (ii) The 
separation of the 2:5-xylenol from the fraction 
b.p. 210-212°c. by sulphonation and crystal¬ 
lisation of its ammonium sulphonate (Morgan 
and Pettet, B.P. 397148). (iii) The separation 
of various xylenols from mixtures by forming 
additive compoimds from them with bases such 
as benzidine (Bentley and Catlow, B.P. 374010; 
c/. U.S.P. 1980901). (iv) Separation alkyla¬ 
tion such as butylation, followed by fr*actiona- 


tion of the alkylated mixture, and dealkylation 
in a manner analogous to the similar method 
proposed for separating m-, p-crosol mixtures 
(Luten and Benedictis, B.P. 557519; cf. U.S.P. 
2290002; 2297588). The methods mentioned 
have not as yet been commetcially exploited on 
any considerable scale. 

m-Xylenol, sym.-m-xylenol, 3:5-di- 
methyl-1 - hydroxybenzene. 

This is the most abundant xylenol present in 
coal tar (Raschig, l.c.) and the only xylenol 
manufactured in substantial amount from the 
xylenols fraction of coal tar. 

3Ianufacture. 

It is obtained by fractional distillation of a 
xylenol mixture followed by crystallisation, or 
solvent c rystallisation, of the fraction b.p. 217- 
222”c. (Kester, J. Ind. Eng. Chem. 1922, 24, 
770; “Chemistry of Coal Utilisation,” Chap¬ 
man and Hall, 1945, Vol. IT, M, 1347). 

Recently a now synthetic method has been 
disclosed by Williams and Ballard (U.S.P. 
2369196) in which isophorone, a 3:5:5-trialkyl- 
inonocyclo aliphatic ketone, is subjected to 
pyrolysis at 575-700°o. under controlled con¬ 
ditions, giving up to 40% yields of the xylenol. 
This reaction is applicable to 3:5-dialkylphenols 
in general, and since the ketones are apparently 
obtained from petroleum products, the method 
ajjpoars to offer a low-priced route to such 
idicnols. Baddelcy (J.C.S. 1943, 527) shows that 
under treatment under controlled conditions 
with aluminium chloride, xylenols and other 
substituted phenols tend to undergo intereon- 
version to the more stable meta-substituted 
forms; in B.P. 555751 he claims a process 
for manufacturing 3:5-xylenol based on this 
work. 

Production and Uses. 

No production figures are available. The 
main use of the xylenol is as the source of its 
p-chloro-derivative, w^hich finds very consider¬ 
able application in the preservative and dis¬ 
infectant field. The phenol has also been found 
of considerable use in the synthetic resin field, 
but this application is hampered by its relatively 
high price and its strictly limited availability, 
although the synthetic routes to its manufacture 
mentioned above promise to increase the avail¬ 
ability. 

Butylphenols. 

One only, p-tert.-butyl phenol is industrially 
important. 

Manufacture. 

There are several possible methods of prepara¬ 
tion from phenol and isobutyl alcohol or tert.- 
butyl chloride, and by rearrangement of phenyl 
-butyl ether, for details of which see Lieb- 
mann (Ber. 1881, 14, 1842; ibid. 1882, 16, 150; 
G.P. 17311); Lewis (J.C.S. 1903, 83, 329); 
Curewitsch (Ber, 1905, 38, 2428); Hartmann 
and Gattormann {ibid. 1890, 23, 3332); Smith 
(J. Amer. Chem. Soc. 1933, 65,. 3701); B.P. 
409131; U.S.P. 1972599; 1991332; Tsuker- 
vanik and Nazarova (J. Gen, Ch^iA, Jtuss. 
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1935, 5, 767); Huston and Haioh (J. Amor. 
Chem. Soc. 1936, 58, 439); U.S.P. 2039344; 
2091565. The most economic methods of manu¬ 
facturing the phenol on the large scale, and 
probably the ones which are used to produce 
the bulk of the phenol, are those involving the 
reaction of phenol and di-^5obutylene (U.S.P. 
2091565) or the reaction of phenol and iso- 
butyleno (U.S.P. 1892990) in the presence of 
aluminium chloride. In the former case, 60 mol. 
of phenol and 1 mol. of aluminium chloride are 
stin’ed, and 20 mol. of di-isobutylene slowly 
added at about 85°c. The temperature is raised 
to 120°c., the mixture cooled and neutralised 
with sodium carbonate solution and, after filtra¬ 
tion, vacuum fractionally distilled to give a first 
fraction of phenol which can be re-used, and a 
residue of the butylphenol. In effect, in this 
method of manufacture, the di-i^obutylene mole¬ 
cule dopolymerises cither during or after con¬ 
densation with the phenol. Actually it is possible 
by reaction of di-isobutylene with phenol under 
suitable conditions (B.P. 409111) to get di-i«o- 
butylphenol which can be converted by the 
action of aluminium chloride (Smith and Rodden, 
J. Amer. Chem. Soc. 1937, 59, 2353) into p-tert.- 
butylphenol. Other methods of manufacture 
from isobutylene or di-i.9obutylene and phenol, 
using sulphuric acid catalyst, have been pro¬ 
posed (B.P, 420636; 452335). It may be men¬ 
tioned that isobutylene and di-isobutylene are 
obtained in bulk and at relatively low prices 
in petroleum refineries, which explains why 
methods of manufacture using these products 
are more economic than those utilising the much 
more expensive icri.-butyl alcohol, or chloride. 

Produclion and Uses. 

Although no figures can be given it is known 
that 29-ierf.-butylphenol is manufactured in very 
substantial and probably increasing amounts, 
especially in the U.S.A.; it is significant that the 
U.S.A. production of unmodified butyl- 

phenol-formaldehyde resins amoimted to 3-3 
million pounds in 1946. These resins on dis¬ 
solving in unsaturated oils, such as tung oil, 
followed by suitable heat treatment, condense 
with constituents of the tung oil, giving varnish 
(coating) bases having extremely valuable 
properties (B.P. 334572; 417122; 426249). 

The phenol has also useful disinfectant properties 
and has been proposed for use in disinfectant 
preparations (B.P. 484228). 

OCTYLPHENOLS. 

A considerable amount of work has been done- 
on one octylphenol, b-di/sobutylphenol, or 
p- (aayy-tetramethylbutyl)phenol (Nioderl, 
Ind. Eng. Chem. 1938, 30, 1267-74) which is 
obtained by reaction between phenol and diiso- 
butylene in the presence of a small amount of 
sulphuric acid (B.P. 409111). A whole series 
of derivatives is described, some of which are 
patented for use as germicides, disinfectants, 
plasticisers, photographic developers, wetting 
and tanning agents. For further details, see 
U.S.P. 2008032; 2029539; 20733JOj P.P. 

431487; Niederl, l,c^ 


Trtmethylpiienols. 

One of the isomeric trimethylphonols, namely 
2:3:5- trimethylphenol, orcuminol,has recently 
been separated from crude phenol mixtures 
obtained from coal tar or cracked petroleum 
distillates by close fracitional distillation and 
static crystallisation of the fractions, b.p. ca. 
235®c. The crude phenol so obtained is purified 
by repeated crystallisation from suitable sol¬ 
vents such as ii^jopropyl alcohol, or ether (B.P. 
561738). The phenol is of considerable interest 
because it can be easily converted by oxidation 
to its quinonc, 2:3:5-trimethylhydroqumono 
which, on reaction with phytyl bromide, gives 
alpha-tocopherol, which is one of the most 
potent of the vitamin-^ group. The isolation 
of the 2:3:5-trimcthylphenol from phenoli(^ 
mixtures, such as those mentioned, should 
enable this vitamin to be manufactured much 
more conveniently than has been hitherto 
possible. 

Methylpropylptienols. 

Two only are of industrial importance, namely 
thymol, 3-methyl-6-isopropylphcnol and car- 
vacrol, 2-mothyl-r)-i5opropyl phenol. 

Thymol. 

The more important of the two phenols occurs 
naturally in various essential oils including 
those of Ajowan, Ocimun, Virido, Monarda, 
Punctata, Oriyanmn floribundmn, Thymus ca/pi- 
tatuSy and I’hyme. In fact, Ajowan oils contain 
over 50% thymol, and substantial amounts of 
the phenol are obtained by washing this oil 
with caustic soda of about 10% concentration, 
.and then obtaining the phenol from the alkali 
solution by methods quite similar to those used 
in obtaining carbolic acid {q.v.) from coal-tar 
distillates. 

Synthetic thymol is manufactured by several 
methods, the most important being : 

(i) From m-cresol by condensation with iso¬ 

propyl alcohol or chloride or with propylene. 
For details of typical methods, see B.P. 551624; 
U.S.P. 2103736; 2286953; Chemical Trade 

Journal, 1936, 99, 387. 

(ii) Of less importance is an older synthetic 
method of preparation from cymene by nitration, 
reduction and diazotisation with replacement of 
the diazo-group by hydroxyl. 

Carvacrol. 

Like thymol, also occurs in several essential 
oils, such as those of Origanum hirtum^ MontaTia, 
Thymus serpyllu7n, and Monarda fistulosa. Oil of 
Origanum contains up to 80% of carvacrol 
which is obtained on a commercial scale from 
this oil by alkali washing, as in the case of 
thymol. 

Synthetic carvacrol is also manufactured to 
some extent by sulphonatingj9-cymene, followed 
by alkali fusion of the sulphonic acid. 

Uses. 

Both carvacrol and thymol have very useful 
bactericidal properties, as also have their 
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chloro-derivatives. The phenols and these 
derivatives have therefore found limited appli¬ 
cations as the bases of speciality antiseptic and 
disinfectant preparations in the pharmaceutical 
field. As an indication of their relative in¬ 
dustrial importance compared with other 
phenols, it may be mentioned that the United 
States production of thymol in 1942 amounted 


to 110,470 lb., the average selling price being 
2*32 dollars per lb. 

B. THE DIHYDRIC PHENOLS. 

Phjsical Constants .—Useful physical constants 
for the lower members of the series are tabulated 
below. 


Phenol. 

M.p. or c.])., 

B.p., 

y.lTOO mm. 

Density, 
g. per ml. at 

Catechol, ]:2-dihyd.roxybcuzeiio. 

isoHomocatcchol, l:2-dihy(iroxy-3-methyl- 

105 (1) 

245 (2) 

1*344/4 (3) 

benzoiie. 

GS (8) 

241 (8) 

— 

Homocatcchol, l:2-dihydroxy-4-methylbcnzcnc . 

05 (9) 

251 (9) 

— 

1:2-Diliydroxy-4:5-dimethylbenzeue .... 

S7~8S (14) 

— 

— 

l:2-Dihvdioxy-3:5-dimethylbcnzcnc .... 

73-74 

— 

— 

Roaorcinol, l:3-dihydroxybenzene. 

110 0(a); 108(6): (4) 

280-8 (5) 

1*2728/0 (6) 

('resorcin, l:3-dlhydroxy-4-incthylbenzcne . 

104-105 (10) 

267-270 (11) 


Orciiiol l:3-diliydroxy-5-niethylbonzene . 
2-Mcthylre8orciaol, l:3-dihydroxy-2-mcthyl- 

126*5-128 0 (12) 

287-290 (13) 

•— 

bciizcue. 

116-121 (5) 

264 (3) 

— 

l:3-r)ihydroxy-2:4-dimcthylbonzcno .... 

146-147(16) 


—. 

l:3'Dihydroxy-4:5-dimethylbenzeue .... 

136-137 (17) 

— 


m-Xylorcin, l:3-dihydroxy-4:6-diinethylbenzenc 

124*5-125 0 (18) 

276-279 (19) 

— 

Jfydroquiuonc, l:4'diliydroxybenzene 
Toluhydroqiiinone, l:4-dihydroxy-5-methyl- 1 

172(1); 170-3 (J) 

285/730 (2) 

1*324-8/4 (3) 

benzene . 

124-125(12) 

— 

— 

l;4-l)ihydroxy-2:5-dlmcthylbenzcne .... 

150 (20) 

— 

— 

l:4-Dihydroxy-2:6-dimethylbenzene .... 

217(21) 




(ffl) Ponn stable above 70*8°c. 
lb) Form stable below 70*8‘’c. 

1 Kempf, J. pr. Chcin. 1008, [ii], 78, 23G, 256, 257. 

2 (Irabc, Aniiulcn, 1880, 254, 200 (anm.). 

3 Schroder, Ber. 1880,12, 563. 

4 Laiitz, Ph. Ch. 1913. 84, 611. 

5 Uerzig, Wouzcl, and Haisor, Monatsli. 1003, 24, 
906. 

6 Calderon, Bull. Soc. chlm. 1878, [ii], 29, 231. 

7 Hartley and Little, J.O.S. 1911, 99, 1081. 

8 Limpach, Ber. 1891, 24, 4137. 

9 Pauly, ibid. 1909, 42, 422. 


10 WaUach, Ber. 1882,15, 2835. 

11 Knecht, Annalen, 1882, 215, 93. 

12 Nevile and Wliitlicr, Ber. 1882,15, 2979, 2089. 

1-1 Dumas, Annalen, 1838, 27, 143. 

H Diepolder, Ber. 1011,45, 2501. 

13 Uodgkinson and Liinpaoh, J.C.S. 1893, 63, 108. 
1® Wischon, Ber. 1890, 23, 3114. 

17 Simon, Annalen, 1903, 329, 305. 

18 Pfaff, Ber. 1883,16, 1138. 

i$» KostaneckJ, ibid. 1886,19, 2323. 

20 Bamberger and Rising, Annalen, 1901, 316, 302. 

21 Bamberger and Blangry, ibid. 1911, 384, 291. 


Catechol. 

This substance, o-dihydroxybenzene, also 
called pyrocatechol {v. Vol. II, 429c), is the least 
industrially important of the dihydric phenols, 
but of recent years interesting new uses and 
applications of the phenol and its derivatives 
have been found. 

Manufacture. 

Undoubtedly, methods of manufacture show¬ 
ing promise of producing catechol at a reasonably 
low price are those based on the alkaline pressure- 
hydrolysis of o-dichlorobenzone and of o-chloro- 
phenol, and it is considered probable that the 
main part of the world’s catechol is made in 
this manner, especially in the U.S.A. After 
hydrolysis, the cooled charge is acidified and the 
catechol obtained by solvent extraction and 
distillation. The following references are per¬ 
tinent: U.S.P. 1970364; 2001014; 2041592; 
2126648; B.P. 425230. A further manufac¬ 
turing method which may have possibilities, 
is that from safrole (Toikiche Hiraiefrumi, J. 
Chem. Soc. Japan, 1934, 65, 601). 

* Uses. 

Catechol and its derivatives may be used as 
antioxidants for preventing the oxidation of fats 


and oils with consequent development of 
rancidity, and also for inhibiting oxidation of 
other organic products (B.P. 344690; U.S.P. 
2124749; Tattersfiehl, Analyst, 1932, 67, 401; 
Light and Barry, Official Printing Ink Maker, 
4, No. 3, 10, 22, 24). They are also used in the 
manufacture of azo-dyos suitable for dyeing 
leather yellow or brown. 

Alkylated catechols have pronounced germi¬ 
cidal properties, hexylcatechol being more 
potent than hexylresorcinol (U.S.P. 2067452). 
The monoethers also have bactericidal properties 
(Klarman et al.j J. Amer. Soc. 1932, 54, 1204- 
1211 ). 

Catechol forms the basis of really excellent 
developers but probably owing to its relatively 
high cost has not been used to the extent that 
might be expected (Eder, Phot. Korr. 1933, 69, 
172). More recently, catechol has boon used in 
the form of its double compound with p-pheny- 
lenediamino as the basis for fine-grain developers 
(B.P. 466626). 

Resorcinol. 

Resorcinol, w-dihydroxybenzene, is formed 
when certain resins, e.g., Asafoetida, Galbanum, 
are heated with potash, or when Brazil wood 
extracts are distilled, but such methods of 
preparation are of no commercial interest. 
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Manufacture. 

The only method of importance is that based 
upon the disulphonation of benzene to the m- 
disulphonic acid which is neutralised to give its 
sodium salt. This is fused with excess caustic 
soda at about 32()°o., giving the disodium salt of 
resorcinol, and sodium sulphite, from which 
crude resorcinol is obtained by solution in water, 
acidification, and ether extraction. After removal 
of the solvent by distillation, the crude product 
is vacuum distilled and, if required, further 
purified by sublimation for pharmaceutical 
usage. Brief details of this method as worked 
in Germany at the Hoechst l.G. Works are as 
follows : 600 weight parts of benzene are heated 
with stirring at about 50°c. with 1,500 parts 
100% sulphuric acid and the mixture heated to 
100°c. to complete the sulphonation to benzene- 
monosulphonic acid. The sulphonation product 
is run slowly into 2,050 weight parts of 65% 
oleum at 30''''c. rising to 80”c. with stirring, 
whereby benzcne-m-disulphonic acid is formed. 
The reaction mixture is run into sodium sulphate 
solution, containing sodium sulphate equivalent 
in amount to the disulphonic acid, and the mix¬ 
ture neutralised with lime slurry and filtered 
from the calcium sulphate precipitated. Small 
amounts of calcium salts remaining in solution 
are removed by treatment with a little sodium 
carbonate followed by filtration. The resulting 
solution of disodium sulphonato is evaporated to 
dryness to give a 98% theory yield on benzene 
of the dry salt, 800 weight parts of which are 
fused with 600 weight parts of caustic soda at a 
temperature rising to 340°o. The fusion product 
is stirred with water, sodium sulphite left un¬ 
dissolved separated by filtration, and the filtrate 
neutralised with hydrochloric acid and extracted 
with ether. After removal of the «ther, the 
crude resorcinol left is vacuum distilled to give 
technically pure product in approximately 85% 
theory jdeld (File F.D. 4409/45, Folder B., 
Hoechst Werk, Foreign Documents Unit). 

For further details of manufacturing or pro¬ 
posed manufacturing methods, see 

(i) Sulphonation and disulphonation of ben¬ 
zene : Kosner and Monsilise (Ber. 1879, 9, 583); 
Engli {ibid. 1878, 8, 817; Aylsworth (U.S.P. 
1260852); Downs (U.S.P. 1279295; 1279296); 
Senseman (J. Ind. Eng. Chem. 1921, 13, 1124); 
Ambler and Cotton {ibid. 1920, 12, 968); Weiss 
(U.S.P. 1647186); Cotton (U.S.P. 1915925); 
Carr and Dahlen (U.S.P. 1999956; 2007327); 
Hauser and Korovetzkaja (Mem. Inst. Chem. 
Tech. Ukraine Acad. Sci. 1938, No. 9, 135). 

(ii) Fusion of m-benzenedisulphonic acid with 
alkali and working up to resorcinol: Boswell 
and Dickson (J. Amer. Chem. Soc. 1916, 
38, 1786); Goodman and Grubman (U.S.P. 
1314138); Phillips and Gibbs (J. Ind. Eng. 
Chem. 1920, 12, 857); Downs (U.S.P. 1658230); 
Voluinkin (J. Appl. Chem. Russia, 1936, 9, 
886); Burroughs (U.S.P. 2043232); Kaminskii 
(Org. Ind. U.S.S.R. 1939, 6, 364). 

Uses. 

Of the dihydric phenols, resorcinol is in¬ 
dustrially second to hydroquinone in importance, 
and is used in considerable amount, but reliable 
quantitative data on usage are not published. 


Resorcinol is used to a considerable extent as 
one of the intermediates in certain Azo, Alizarin, 
Coomassie union blacks, Cyaiiin, Eosin, Oxazine, 
Pyrimidine, Stilbine, and Sulphur dyestuffs. 

Formaldehyde-resorcinol resins find appreci¬ 
able use as adhesives in the plywood industry. 
The resins are also useful as impregnants for 
paper-board and products made therefrom. 

Resorcinol itself is used in dermatology as also 
is the monoaoetate. Hexylresorcinol has marked 
germicidal properties and finds some appli¬ 
cation in certain speciality germicides. 

The monoacetato is useful in increasing low 
temperature resistance of cellulose acetate 
plastics while the diacetato can be used as a 
plasticiser for nitrocellulose. 


Hydroquinone. 

Hydroquinone, p-dihydroxybenzene, occurs 
naturally combined with glucose in the glycoside 
arbutin, and as its monomethyl ether in the 
glycoside methylarbutin {v. Vol. VI, 86a). It is 
also obtained when quinic acid is dry distilled, 
or treated in an aqueous solution with lead di¬ 
oxide (Wohler, Anrialen, 1848, 65, 349). No 
useful natural source of the phenol exists, and, 
accordingly, the demands of industry are met 
by synthetic production. 

Mnmifaclure. 

Aniline is the usual starting material for hydro¬ 
quinone production, although more recently it 
has been proposed to prepare the phenol by 
electrolytic oxidation of benzene, or by alkaline 
hydrolysis of p-bromophcnol. 

(i) From aniline: Aniline is oxidised in sul¬ 
phuric acid solution with manganese dioxide or 
sodium dichromate, giving qiiinonc which on 
reduction with sulphur dioxide or iron gives 
hydroquinone. 


O 



Of the two oxidising agents, manganese di¬ 
oxide is the more important, and a typical manu¬ 
facturing method as worked in Germany 
(C.I.O.S. Report No. 22, File No. XXVII-60, 
published for Board of Trade by H.M. Stationery 
Office, 1946; Chem. Trade J. 1946, 466; c/. 
U.S.P. 2043912) may be summarised thus: 

Into a stirred mixture of 2,000 1. of 60°B6. 
sulphuric acid cooled to 3°c. approx. 470 kg. of 
pyrolusite containing about 80% Mn 02 are 
added, the mixture being again cooled to 3°c. 
600 Kg. aniline as sulphate solution of specific 
gravity 12-14° B6., at 30“36°o. are added over a 
period of about 1 hour, when 930 kg. of the 
pyrolusite (i.c., 1,400 kg. in all; 120% of theory) 
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are added, the temperature being kept at 3-10°c. 
for the reaction period of 11-12 hours. The 
reaction mixture is steam distilled, giving 
quinone in crystalline form of 1)9-100% purity. 
The quinone is reduced by moans of finely 
ground metallic iron in stirred, neutral, aqueous 
solution. After reduction, the rcac^tion mixture 
is heated to 80°c., filtered, and technically pure 
hydroquinone recovered from the filtrate by 
evaporation in a triple-stage vacuum-evaporator, 
with final drying on a drum dryer. Further 
purification is by vacuum distillation, folloAved 
by crystallisation. The yield of technically pure 
hydroquinone is about 84% theory which on 
further refining gives 88-91% of purified product. 

k"or a method using dichromate as the oxidising 
agent, Austral. P. 98148. 

(ii) From benzene: B.P. 430572 and 55616G 
claim to manufacture hydroquinone by electro¬ 
lytic oxidation of benzene to quinone which is 
reduced by iron or sulphur dioxide to hydro¬ 
quinone. Benzene is added continuously to 
10 % sulphuric acid in an undivided electrolytic 
cell having a PbOg/Pb, or Pb/Sb, or Pb/Be 
alloy anode and a smaller water-cooled lead 
cathode. The quinone produced by electrolytic 
oxidation is extracted by the benzene con¬ 
tinuously flowing through the cell and the 
dilute quinone solution passes to a redu(;tion cell 
containing water and the reducing agent kept 
above the boiling-point of benzene. Benzene 
distils continuously and is returned to the 
(‘lectrolytic cell, while the quinone passes into 
the aqueous phase and is reduced to hydro¬ 
quinone. 

(iii) From p-bromoi^heiiol: U.S.P. 1934056 
claims the manufacture of hydroquinone by 
hydrolysis of p-bromo]3honol in aqueous 5-15% 
caustic soda solution at 70-150°c. in the presence 
of copper or cuprous oxide catalyst. 

For further details of manufacture of hydro- 
(juinone and its purification, see Thatcher 
(Trans. Amer. Electrochem. 8oc. 1919, 36, 
preprint); Sladek (Casoas, Ceskoslovenskeho, 
Lekarnictva, 1927, 7, 299); B.P. 174554; 
430572; 455692; U.S.P. 1318631; 1322580; 
1421869; 1880534; 1883284; 1943656; 

1998177; 2006324; 2041592; 2066951; 

2129429; 2130151. 


Production, 

Hydroquinone is manufactured in two main 
grades: (1) The technically pure product used 
in industry for purposes other than photographic, 
and (2) a purer product known as the photo¬ 
graphic grade used mainly in the photographic 
industry. Figures are not published relating to 
production in this country, but such production 
is small compared with that of the IJ.S.A. for 
W'lii(‘h production figures, together with average 
selling price for recent years, arc tabulated 
below. (Source as given for phenol.) 


Grade. 

Yearly production in inilliona 
of pounds (and price in dollars). 


1942. 

1943. 

1044. 

Photographic 

3-00 

(0-07) 

2-60 
(0 05) • 

1-90 

(0-00) 

Technical ... 

— 

303 

(0-59) 

3-6.5 

(0-56) 


Uses. 

The largest single use is undoubtedly in photo¬ 
graphy where it forms the basis of the 

universally used metol-quinol (MQ) developer, 
the greater proportion of which is absorbed by 
the cine-film industry. The chloro- and bromo- 
derivatives are also used in photographic 
developers. 

Another very important use of hydroquinone 
is either as such, or in the form of derivatives 
such as chloro- mono-ethers and esters, con¬ 
densation products with p-phenylenediamiiio, 
etc., to inhibit oxidation in a wide range of pro¬ 
ducts, including rubber and other plastics, paints 
and other coating compositions, motor fuel, 
animal and vegetable oils, waxes, etc. Tlio 
phenol also finds use in making certain dyestuffs, 
e.g.f quinizarin, and in the manufacture of 
synthetic pharmaceuticals. 

0. THE TRIHYDRIC PHENOLS. 

Physical Constants .—Some physical constants 
of the lower members of tliis series are tabulated 
in Table III. 


Table III. 


Phenol. 

M.p. or c.p., 

"c. 

B.p., 

°c. 

Density, 
g. per ml. at°c. 

Pyrogallol, l:2:3-trIhydroxybenzene. 

4- Methylpyrogallol, l:2:3-trihydroxy-4-mcthylbenzeno 

6-Methylpyrogallol, 1:2:3-trihydroxy-5-methylbenzene . 
Oxyhydroquinone, 1:2:4-trihydroxybenzene .... 

3-Mcthyloxyhydroqulnone, 1:2:4-triliydroxy-3-methyl- 

5- Methyloxy hydroquinone, 1 ;2:4-triliydroxy-6-methyl- 

benzene . 

6- Methyloxyhydroqulnone, l:2:4-trihydroxy-6-methyl- 

Phlor<^ucinol, i:3:6-trihydroxybenzene. 

2-MethylphIoroglucinol, 1:3:5-trihydroxy-2-methylbenzone 

]32-5(>) 
140-141 ( 3 ) 
129 U) 

140-5 (5) 

117-118(3) 

130-131 (6) 

12S-129 ( 7 ) 
217-219 (8); 
117 (a) (») 

214 (10) 

309 (2) 

1-463/4 (2) 

— 


(a) M.p. of dihydrate from water. 

1 Cazenetive, Oorapt. rend. 1892,114, 1486. 

^ Perkin, J.C.S. 1896,69,1186. 

3 Majima and Okazaki, Ber. 1916,49,1490, 1492. 

4 Hofmann1879,12,1376. 

3 Barth and Sohr^er, Monatsh. 1884, 5, 592. 


« G.P. 101607. 

7 Henrich and NachtIgaU, Ber. 1903, 36, 894. 

8 Baeyor, ibid. 1886,19, 2187. 

9 wm, ibid. 1887, 20, 297. 

10 Boehm, Annalen, 1901, 318, 286. 
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Of the trihydric phenols only two are of any 
substantial technical importance at the present 
time, namely, pyrogallol and phloroglucinol. 

Pyrogallol. 

This exists in the form of ethers in certain 
fractions of Wood Creosote {v. Vol. Ill, 419c), as 
glycosides of its monearboxylic acid (gallic acid) 
in many of the tannins, and free in certain plants 
and fruits such as tea, mangoes, Osesalpinia 
coriaria. 

Manufacture. 

The main and probably only present method 
of manufacture is from gallic acid {v. Vol. V, 
417a) which is autoclaved with half its weight 
of water at a temperature rising to 175°c. over a 
period of 3 hours; after cooling, treating with 
carbon and filtering, the solution is concentrated 
imtil nearly all the water has evaporated, then 
poured into trays and cooled to give solid crude 
pyrogallol, w'hich is purified by distillation and 
sublimation {cf. Braconnet, Annalen, 1832, 1, 
26; Pelouzo, ibid. 1834, 10, l/)9,* Laynes and 
Espornandieu, Z. angew. Chem. 1887, 1, 702). 

It has been proposed to manufacture synthetic 
pyrogallol by alkali hydrolysis of 2:G-(iichloro- 
phenol-4-8ulphonic acid to pyrogallol-5-sulphonic 
acid, which on heating gives pyrogallol (G.P. 
207374) and also by pressure hydrolysis of 
certain wood creosote fractions (LJgriumov, 
Losokhim Prom. 1933, 2, No. 3, 19 ; Sumarokov 
and Ugriumov, J. Appl. Chem. Russia, 1936, 9, 
2222; Sumarokov and Stepanova, ibid. 1937, 
10, 1248). For a discussion of the methods of 
preparation of pyrogallol, see also Schwyzer 
(Pharm. Ztg. 1929, 49, 1), and for purification, 
Cutrona, McCann, and Bisscll (U.S.P. 1434593). 

Production and Uses. 

No reliable production figures are available 
for manufacture in Europe, but the U.S.A. pro¬ 
duced 57,423 lb. in 1942, which was sold at an 
average of 2-04 dollars per lb., according to the 
United States Tariff Commission Preliminary 
Report for 1942, dealing with the Production 
and Sales of Synthetic Organic Chemicals. 

Pyrogallol finds use in quite a largo number of 
rather small-scale speciality fields. 

Pharmaceutical chemicals include the mono- 
and tri-acetates, the salicylates, the sulphonic 
acid sodium salt. 

Dyes, e.g.f Alizarin and Anthracene Yellows, 
certain azo dyestuffs such as azogallcin. Chrome 
Brown RR and some xylonone dyestuffs are 
manufactured from pyrogallol. 

In photography, the phenol is used extensively 
in this country as the basis of the so-called 
“ Pyro ” negative developers, especially among 
professional photographers, and “ P 3 T 0 quality 
in a negative ” is still looked upon as a hallmark 
of goofiies^. In the U.S.A. pyro developers are 
probably not so much used, but the alkyl ethers 
have been claimed (U.S.P. 2017295) as the basis 
of developers having little tendency to become 
oxidised. 

Antioxidants for petroleum distillates and 
wa‘5c, or wax-like products, cf. U.S.P. 1752933. 
Certain alkyl ethers have been proposed for use 


as petroleum antioxidants, but have been 
shown by Schumann and Haslam (Ind. Eng. 
Chem. 1934, 84, 455) to have no outstanding 
advantages over other substances in this 
connection. 

Phloroglucinol. 

This occurs in combined form in many glyco¬ 
sides, such as Hesperidiii, Quercitin, and Phlo¬ 
rizin, in certain resins, Catechu, Gamboge, Kino, 
and also in many tannins, and is formed as its 
potassium salt by fusion of resorcinol with 
caustic soda. 

Manufacture. 

The phenol is made in the relatively small 
quantity required technically by nitration of 
benzoic a{!id to 2:4:6-trinitro-derivaiive, reduc¬ 
tion of this with tin and hydrochloric acid to the 
stannichloride of triaminobenzoic acid, which 
on boiling wuth water loses carbon dioxide and 
ammonia giving phloroglucinol in aqueous solu¬ 
tion from which it is obtained by evaporation 
and crystallisation (Cassella, G.P. 102358; 
Flesh, Monatsh. 1899, 18, 758; Weidel and 
Poliak, ibid. 1900, 21, 20). 

Uses. 

Phloroglucinol finds its main industrial appli¬ 
cation as a component of developers used in 
dyeline printing processes; it has to a very 
I small extent found some usage as a decalcifying 
agent for bones, and as an analytical reagent in 
the determination of pentoses. 

D. THE TETRA-, PENTA-, AND 
HEXA-HYDRIC PHENOLS. 

Those phenols have, up to the present, found 
no industrial application, and for that reason 
are only briefly mentioned hero. When pure, 
all form colourless crystals, and, with the ex¬ 
ception of Apionol, are unstable in air and 
especially so in aqueous and alkaline solutions, 
when they undergo oxidation to quiriones or 
other bodies of unknown composition. All the 
three totrahydric phenols are known, namely, 
1:2:3:4-, 1:2:3:5-, and l: 2 : 4 : 5 -tetrahydroxyben¬ 
zene. 

l:2:3:4-Tetrahydroxybenzene (Apionol) oc¬ 
curs in the form of derivatives in the apionols 
{see articles on essential oils). It has been 
prepared by hydrolysis of aminopyrogallol 
hydrochloride (Einhorn et ah, Bor. 1904, 87, 
119) and has m.p. 16Pc. ; tetra-acetate, m.p. 
142°c. ; e^^er (Apiol), m.p. 89°c. For 

further details of this phenol and its derivatives, 
see Ciamician and Silber (Ber. 1896, 29, 1808), 
Wesseley and Lethner (Monatsh. 1932, 60, 159). 

1 :2:3: 5-Tetra h yd roxy benzen e (Oxyphloro- 
glucinol) has been prepared by reduction of 
picric acid to the triamino-compound and by 
hydrolysis of this. Will (Ber. 1888, 21, 609, 
2020; cf. Posternak, Helv. Chim. Acta, 1936, 
19, 1937) has prepared the phenol from 2- 
hydroxy- 6 -methoxybenzoquinone. The phenol 
melts at 166~167°c., and on reduction with sodium 
amalgam gives oxyphioroglucinol. I-Methyl 
ether, m.p. 236°o.; tribenzoate, m.p. 103°o. For 
further details, see Crache and Luter (Annalen, 
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1905, 340, 222), Barzellini and Bene (Chcm. 
Zentr. 1911, i, 392 ); Posternak (l.c.). 

1:2:4:5 - Tetrahydroxybenzene is con¬ 
veniently prepared by heating dibromo-l:4-di- 
hydroxyquinone with aqueous potassium sul¬ 
phite solution. It has no sharp melting-point. 
Telra-acetaiCy m.p. 226-227"'c. (Jackson and 
Biggs, J. Amer. Chcm. 8oc. 1914, 36, 1216). For 
further derivatives, see Mukorji (J.C.S. 1922, 121, 
545). 

Only one pentahydric phenol, quercitol, 
l:2:3:4:5-pentahydroxybenzcne, can exist. A 
compound considered to be this phenol was pre¬ 
pared by Einhorn et al. (Ber. 1904, 37, 122) by 
the hydrolysis of 4:6-diamiiJopyrogallol hydro¬ 
chloride. The phenol so obtfiined had no 
dclinito melting-point, and its penta-acctate 
melted at 165"c. (decomp.) (r/. Wenzel and 
Wcidel, Chom. Zentr. 1903, ii, 829). 

Hexahydroxybenzene, can be easily pre- 
I)ared by the reduction of t(^trahydroxy(]uinoiie 
(Bacher and Boan, Bee. trav. chirn. 1937, 56, 
1161) and also from hydroquinone (Nietzki and 
Benckiser, Ber. 1885, 18, 499, 1833). The potas¬ 
sium salt is apparently identical with the com¬ 
pound obtained by the action of carbon mon¬ 
oxide on molten potassium (Gmelin, Pogg. Ann. 
1825, 4, 35). Ilexa-acetate^ m.p. 222^^0. On 
reduction with hydrogen with palladium black 
catalyst, the phenol gives inositol (Wieland and 
Wishar, Bor. 1914, 47, 2084). Several esters are 
described by Bacher and Boan (lx.). 

W. E. H. 

PHENOTHIAZINE. “ Thiodiphenyl- 
amine.” Anthelmintic (veterinary) {v. Syn¬ 
thetic Diiiros). 

S. E. 

PHENYLACETIC ACID, a-Toluic Acid, 
CHgPh'COgH. Phcnylacetic acid, first ob¬ 
tained in 1855 by hydrolysis of benzyl cyanide 
(Cannizzaro, Annalen, 1855, 96, 247 ; sex also 
llofmann, Ber. 1874, 7, 519; Mann, ibid. 1881, 
14, 1645; Staedel, ibid. 1886, 19, 1949) is best 
obtained by this method using sulphuric acid 
(Organic Syntheses, Coll. Vol. I, 436). It has 
also been synthesised by reduction of mandclic 
acid with phosphorus and hydriodic acid (Crum 
Brown, Z. fur Chem. 1865, 443), by decarboxyla¬ 
tion of phenylmalonio acid (Wislicenus, Ber. 
1894, 27, 1094), by car boxy lation of benzyl- 
magnesium chloride (Houben and Kesselkaul, 
ibid. 1902, 35, 2523) and from phenylpyruvic acid 
with hydrogen peroxide (Mauthner, Annalen, 

1909, 370, 371; Sugasawa and Tsuda, J. Pharm. 
Soc. Japan, 1935, 55, 1050). 

It has been obtained by baryta hydrolysis of 
vulpinic acid (MoUer and Strecker, Annalen, 
1860, 113, 64), by fusion of atropic acid with 
potassium hydroxide (Kraut, ibid. 1868, 148, 
242), during putrefactive decomposition of 
(!ertain proteins (E. and H. Salkowski, Ber. 
1879, 12, 649; Z. physiol. Chem. 1878, 2, 420; 
1885, 9, 499, 507), in acetone-soluble fat from 
tubercle bacillus (Stendal, Compt. rend. 1934, 
198, 400) and as a hydrolytic product of benzyl- 
penicillin (Nature, 1945, 156, 756). 

It crystallises from hot water, forming thin 
plates, m.^. variously - quoted from 76-78°; 
b.p. 265-6° (corr.), 144-2-144-8°/12 mm. Very 
easily soluble in alcohol and ether. For ultra- 
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violet absorption spectra, see Baly and Collie 
(J.C.8. 1905, 87, 1344), Baly and Tryhorn {ibid. 
1915, 107, 1065), and Guilmart (Bull. Soc. chim. 
1938, [vj, 5, 1209). Classical dissociation con¬ 
stant, 5-06xl0~®; thermodynamic dissociation 
constant, 4-88x10“® (Dippy and Williams, 
J.C.S. 1934, 161; Jeffrey and Vogel, ibid. 1934, 
166). 

Administered to dogs and cats, it is converted 
to phenylacetylglycine, and, in humans, liip- 
puric acid is said to bo farmed (Hotter, J. pr. 
Chem. 1888, [ii], 38, 117) only about 6-7-5% 
being conjugated with glucuronic acid (Wagrcich, 
Kamin, and Harrow, Proc. Soc. Exp. Biol. Med. 
1940, 43, 468). It acts as a plant hormone in 
low concontratiojis {see, e.g., Pearse, Nature, 
1936, 138, 363), but may retard growth at higher 
concentrations (Borgstrom, Bot. Notiaer. 1939, 
207; Hamner, Bot. Gaz. 1942, 103, 576). The 
esters are also active (Zimmerman, Hitchcock, 
and Wilcoxon, Contrib. Boyce Thompson Inst. 
1936, 8, 105). 

It forms water-insoluble salts with most heavy 
metals, usually hydrated ; the benzylammoniurti 
salt, m.p. J 22-122-6° corr., and a-phenylethyh 
ammonium salt, m.p. 115-6-116-4° corr., are 
useful for identification. 

Methyl ester, b.p. 220°; ethyl ester, b.p. 227°. 
Pheniylacetyl chloride, b.p. ilO-105716 mm., 
p]®—1-1674, is most conveniently prepared by 
the action of thionyl chloride on the acid; on 
heating with the silver salt or with oxalic acid, 
the anhydride, m.p. 72-5°, is formed. Phenyl- 
acetamide, best prepared by the action of dry 
ammonia gas on an ether solution of the chloride, 
has m.p. 154-155°, b.p. 281-284°; diethylamide, 
m.p. 86°; diphenylarnide, m.p. 72°; hydrazide, 
m.p. 116°; benzylamide, m.p. 122°. 

R. B. 

PH EN YLALANIN E, a-Amino-^-phenyl- 
propionic Acid, CHgPh-CH (N H2)-C02H. 
Phenylalanine, first discovered in etiolated 
seedlings of Lapinas l ute us, occurs in many other 
! germinating plants (Schulze and Barbicri, Bor. 
1879, 12, 1924; 1881, 14, 1785; Schulze, Z. 
physiol. Chem. 1888, 12, 405; 1892, 17, 193; 
1894,20,306; 1896,22,411; 1900, 30, 241) and 
is readily obtained by hydrolysis of many pro¬ 
teins. Its constitution was determined by 
Schulze, and confirmed by synthesis (Erlen- 
meyer and Lipp, Ber. 1882, 15, 1006; Annalen, 
1883, 219, 186, 194). 

It occurs in the fraction of cstcrified protein 
hydrolysates, b.p. 130-180°/0-5 mm., being 
isolated by precipitation with water (Fischer, 
Z. physiol. Chem. 1901, 33, 412). It is also 
separated by fractionation of its sparingly water- 
soluble copper salt (Brazier, Biochera. J. 1930, 
24, 1188) or by salting out from protein 
hydrolysates (Baptist and Robson, ibid. 1940, 
84, 221) and is quantitatively separated by 
chromatographic adsorption on charcoal 
(Wachtel and Cassidy, J. Amor. Chem. Soc. 
1943, 65, 665; Schramm and Primosigh, Ber. 
1943, 76 [B], 373). 

It may be colorimetrically estimated by nitra¬ 
tion with nitrio-sulphuric acids, reaction of the 
product with hydroxylamine and ammonia 
yielding the violet coloured ammonium salt of 
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3:4 - di*wouitrodiliydrobenzoic acid (Kapcller- 
Adler, Biochom. Z. 1932, 252, 185; Brown, J. 
Biol. Chem. 1944, 155, 277), and gravimetrically 
by reaction with potassium cj^anato and 
xanthydrol, precipitating the xanthylhydantoic 
acid as silver or barium salt (Kosse, de tJracve, 
and Thomas, Compt. rend. 1935, 200, 872). 

Naturally occurring phenylalanine is bevo- 
rotatory, /(—), being configurationally related to 
natural /( — ) leucine or l{+) alanine (Karror and 
Kehl, Kelv. Ciiim. Acta, 1930, 13, 50; cf. ihid. 
1920,9,301). The synthetic form ((^.f.) is resolved 
by fractional crystallisation of the cinchonine 
salt of the N-benzoyl derivative (Fischer and 
Mouneyrat, Ber. 1900, 33, 2383), the brucine 
salt of the N-formyl derivative (Fischer and 
Schooller, Annalen, 1907, 357, 1), or the 
strychnine salt of jS-phenyl-a-ureidopropionic 
acid (Dakin and Dudley, J. Biol. Chem. 1914, 
17, 29). The selective action of yeast on the dl- 
form yields the c/-isomer (Ehrlich, Biochem. Z. 
1908, 8, 438); B, proleua attacks the bisomer, 
B. subtilis attacks both, and Lactobacillus emei 
utilises the d-isomor (Stokes and Gunness, J. 
Biol. Chem. 1944, 154, 715). Asymmetric 
enzymic synthesis has been used to resolve the 
d/-forra (Behrens, Doherty, and Borgniann, 
ihid. 1940, 186, 61). d-Phenylalanine has been 
obtained by acid hydrolysis of tyrocidine (Gor¬ 
don, Martin, and Synge, Biochem. J. 1943, 37, 
313). 

/-Phenylalanine crystallises from water; 
100 g. of w'ater dissolve 2-905 g. at 25°, ancl 
4-431 g. at 50° (Dalton and Schmidt, J. Biol. 
Chem. 1935, 109, 241), It has ra.p, 283° (corr.) 
(docomp.); —35-1° (Fischer and School¬ 

ler, be.), and a slightly bitter taste. The hydro¬ 
chloride and hydrobromide are stable crystalline 
compounds, CflHnOgNHX. The ethyl ester, 
CgHioN-COjEt, an oil, forms a crystalline 
hydrochloride (Fischer and Luniak, Bcr. 1909, 
42, 4762). H-Jormyl compound, CioHnOgN, 
four-sided plates from water, m.p, 167° (corr.), 
[al^ +76-2° (in ethanol), l^-p-toluenesulphonyl 
derivative, CigHi 704 NS, m.p. 164-165° (corr.), 
[a]p -2-12° (in acetone) (Fischer and Lipschitz, 
ihid. 1915, 48, 360; McChesney and Swann, 
J. Amer. Chem. Soc. 1937, 59, 1116). 

d-Phenylalanine crystallises in plates, m.p. 
283-284° (corr.) (decomp.); 1 part dissolves in 
36*3 parts of water at 16°; [afj^ -•35-08° (2% 
aq. solution); [af^ -7-07° (3-5% in 18% hydro¬ 
chloric acid) (Fischer and Mouneyrat, Ic.), 
It has a sweet taste; the hydrobromide, 
CgHiiOjNHBr, forms silky needles from 
alcohol-ether; the H-formyl coinpound, 

needles or plates from water, m.p. 167° (corr.), 
—75*43°, soluble in 145 parts water at 
27°; the H-benzoyl compound, CjgHjgOgN, 
colourless needles, m.p. 146-146° (corr.), [af^\ 
-17-1° (in 7% alkaline solution); the cincho¬ 
nine salt, m.p. 180-181°. Phenylisocyanate 
derivative, CieHjgOgNj, has m.p. 180-181° 
(corr.), [a]^ -f61*27° (in 8% alkaline solution); 


the a-naphlhyl\mcyanate, CgoH^gOgNj, m.p. 
150-151°; the p-toluenesaljfhonyl derivative, 
CiqHi^O^NS, m.p. 164-165° (corn), [af^ 
•+-2*30° (in acetone). 

(//-Phenylalanine, first synthesised from 
I)hcnylacetaldehyde, via the amino-nitrile, and 
by reduction and hydrolysis of 2-phonyl-4- 
benzylidenc-oxazolone (Plochl, Ber. 1883, 16, 
2815 ; 1884, 17, 1623 ; see also Erlenmeyer and 
Kurilin, Annalen, 1889, 307, 146,163). Hydriodic 
acid and red phosphorus are used for simul¬ 
taneous reduction and hydrolysis of the inter¬ 
mediate a-benzoylaminocinnamic acid (Haring- 
ton and McCartney, Biochem. J. 1927, 21, 852; 
Lamb and Robson, ibid. 1931, 25, 1231). 

CeH5 CH04 CHg CO.^H 

NH 

I 

COPh 

CoH5CH:C-CO C„HjCH:CC02H 

I I I 

N O NHCOPh 

CPh 

CfiHyCHgCHCOgH 

I 

NHCOPh 

CeHgCHgCHCOgH 

I 

NHg 

In Fiscilior’s synthesis (Ber. 1904, 37, 3062) 
bonzylmalonic acid was brominated, deearb- 
oxylated and the a-bronio-^-phenylpropionic 
ndd treated with ammonia (see Organic Syn¬ 
theses, 1941, 21, 99). 

CeH^CH2*CH(C02H)2 

> CeH3.CH,CBr(C02H)2 
-> CgHgCHa-CHBrCOgH 

CflH5CH2CH(NH2)C02H 

Derivatives of aminomalonic ester have been 
used to synthesise phenylalanine : 

RNHCH(C02Et)2 

RNHC(CH2Ph)(C02Et)2 
-> RNHCH(CH2Ph)C02H 

I 

CH2PhCH(NH2)C02H 

(R~H, Chorchez and Loequin, Bull. Soc. chim. 

1930, [iv], 47, 1274, 1386; R-PhCO, Dunn, 
Smart, Redemann, and Brown, J. Biol. Chem. 

1931, 94, 699; Redemann and Dunn, ibid. 1939, 
180, 341; R=MeCO, Albertson and Archer, 
J. Amer. Chem. Soc. 1945, 67, 308). 

It is formed by reduction of the a-oxime of 
phenylpyruvic acid, with zinc and hydrochlorio 
acid (Erlenmeyer, Ber. 1897, 80, 2976), with 
aluminium amalgam (Knoop and Hoessli, ibid* 
1906, 39, 1477) or catalytically (Shemin and 
Herbst, J. Amer. Chem. Soc. 1938, 60, 1961). 
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c^^-Pheiiylalanine forms short prisms from 
water, or shining plates (aq. ethanol), m.p. 
203-205° (dceomp.) piT^ - 08; p^C' ; 
isoeloetrie point, p/'r^5-9 (Miyamoto and 
Schmidt, J. Biol. Cheiu. 103'1, 90, 105). Ai>- 
parent acid dissociation constant in 9% aq. 
formaldehyde, pX'^- ()-8 (Dunn and Loshakoff, 
ibid. 1930, 113, 091). Ultra-violet absorption 
spectra may bo used for identification, tyrosine 
.and tryptophane being present in minimal 
amounts (Ross, ibid. 1934, 104, 531). It is less 
soluble than the /-isomer (100 g. of water dis¬ 
solves 1*411 g. at 25°, 2*187 g. at 50°; Dalton 
and Schmidt, ibid. 1933, 103, 549), indicating 
that it is a racemic compound, not a mixture. 

Derivatives. —The hydrochloride^ platinicliloride, 
nitrate, sulphate, picrate (m.p. 173°), find pierolo- 
nate (m.p. 283°) are crystalline solids. Methyl 
ester, b.p. 111°/12 mm., pf 1*090, n}® 1*5203, 
forms a hydrochloride, in.]). 158°. Ethyl ester, 
b.p. 143°/i0 mm., p^^ 1*005, sparingly water-i 
soluble, forms a hydrochloride, m.p. 127°, and 
picrate, m.p. 150-5° (Curtius and Muller, Ber. 
1904, 37, 1201). TMazomethane yields the 

method ester (50%) and the betaine (39%) 
(Kuhn and Brydowma, ibid. 1937, 70 [B], 1333). 
Sodium amalgam reduction of the ethyl ester 
yiedds dl-a-amimhft-phenylpropionylacelal, b.p. 
153*5°/11 mm. (Fischer and Kametaka, Annalen, 
1909, 365, 7). 

N-for}nyl derivative, soluble in 240 parts of 
w'ator at 27°. H-be.nzoyl derivative, m.p. 187- 
188°, forms methyl ester, m.p. 87° (corr.) and 
ethyl ester, m.p. 95° (corr.) (Max, ibid. 1909, 369, 
270). The am/ide, m.p. 138-139° (corr.) yields 
a H-^-na 2 )hthalenesnlphomjl derivative, m.p. 
141°. H~p)hcnylacelyl derivative, m.p. 126°; 
H-p-toliiene 8 ulpho 7 iyl derivative, m.p. 134-135°; 
phenylisocyanate derivative, m.p. 182° (decomp.); 
H-methyl derivative, m.p. 252-254°; phenyU 
lactimide, 3 :G-dibenzyl- 2 : 5 -diJcetopiperazi 7 ie, m.p. 
300° (corr.). Potassium cyanate yields dl-a- 
ureido-p-phenylpropio 7 iic acid, m.p. 188-191°. 
Acetic anhydride in pyridine yields benzyl- 
acetanimoacetone (Dakin and West, J. Biol. 
Chem. 1928, 78, 91). 

Mefabolism of Phenylalanine. 

In normal individuals, phenylalanine is com¬ 
pletely destroyed in the system, but in the 
abnormal, hereditary case of alcaptonuria, com- 
})lcte oxidation does not occur, and it is excreted 
as homogentisic acid (2:5-dihydroxyphenyl- 
acotic acid, q.v.). With the /-isomer conversion 
is practically complete (Papagorge, Froohlich, 
and Lewis, Proc. Soc. Exp. Biol. Med. 1938, 38, 
742; Lanyar, Z. physiol. Chem. 1942, 275, 
217 ; 1943, 278, 155) but with the d-form only 
40-45% is recovered; the conversion of the 
racemic form is also less complete (Ealta and 
Langstein, ibid. 1903, 37, 513). The first step 
in the metabolism is probably the conversion to 
j3-hydroxyphenylalanme (tyrosine), but a cer¬ 
tain amount may be oxidised to phenylpyruvic 
acid. Phenylalanine is an essential amino-acid 
{e.g., Womack and Rose, J. Biol. Chem. 1934, 
107, 449) and cannot be replaced by tyrosine; 
deuterophenylalanine in normal rats is converted 
into tyrosine containing nuclear deuterium (Moss 

VoL. IX.—31 


' and Schoenheimer, ibid. 1940,135, 415). Phenyl- 
pyruvic acid may replace phenylalanine (Rose, 
Science, 1937, 86, 298). 

R. B. 

PHLORETIN oc{-urH in the form of its 
glucoside phloridzin, CgjH2^0 jq, 2H20, m.p. 
109°, in the bark and root bark of ap])lc, pear, 
plum, and cherry trees. (JlycyjPiyllm, 

m.p. 175-180°, which is present in the loaves of 
Sinilax glycyphylla appears to be a rliamnosido 
of phlorotin (Wright and Rennie, J.C.S. 1881, 
39, 237; Rennie, ibid. 1886, 49, 857). 

Phloretin, C 15 H 14 O 5 , (I), needles, m.p. 202 - 
264°, is soluble in alkalis with a yellow colour 
and on hydrolysis with aqueous potassium 
hydroxide yields phloroglucinol (II) and phlorctic 
acid which Bougault (Compt. rend. 1900, 131, 
42) showed to bo identical with dihydro-p- 
coumaric acid (III). E. Fischer and Nouri (Ber. 



HO 
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1917, 50, 611) synthesised phloretin by the 
hydrolysis of the ketonc-imide prepared by con¬ 
densing acetylpliloretonitrilc with phloroglucinol. 
Later syntheses are rc(;orded by Zempl5n, 
('Siiros, Gcrecs, and Aezel {ibid. 1928, 61 [B], 
2486) and 8hinoda, Sato, and Kaw'agoe (.1. 
Pharra. Soc. Japan, 1929, 49, No. 571, 123). 

It is interesting that naringenin (5:7:4'-tri- 
hydroxyflavanone) which is present as the 
glucoside naringin in the blossoms of Citrus 
decumana yields phloretin on catalytic reduction 
(Franck, Chem. Zentr. 1914, 11, 253; Roson- 
mimd and Rosenmund, Ber. 1928, 61 [B], 2608; 
see also Asahina and Inubuse, ibid. p. 1514). 

Phloridzin. —On methylation with diazo¬ 
methane, phloridzin yields a trimethyl deriva¬ 
tive from which, by hydrolysis with acid, glucose 
and phloretin trimethyl ether (2-hydroxy-4:0- 
dimethoxyphenyl jS-jp-methoxyphonylethyl ke¬ 
tone) are obtained (Wessely and Sturm, Monatsh. 
1929, 53/54, 564; Johnson and Robertson, 
J.C.S. 1930, 21). Phloridzin, therefore, has the 
structure: 


HO. 


HO 


jOC,H,iO, 

IcOCHjCH 



By methylating phloridzin trimethyl ether, m.p. 
76-76°, with methyl iodide and silver oxide, 
Muller and Robertson {ibid. 1933,1170) obtained 
a syrupy heptamothyl ether which on hydrolysis 
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yielded phlorctin trimethyl other and 2;3:4;6- 
tetramethylglucoso, indicating that phloridzin 
is a jS-glncopyranoside. This was confirmed by 
the synthesis of trimethylphlorotin ^-glncoside. 
(See Moclwyn-Hughes, J. Gen. Physiol. 1930, 
13, 807 ; Bridci, Bull. Soc. Chim. biol. 1930,12, 
921 ; and Wcidenhagen, Z. Ver. dent. Zucker- 
Ind. 1931, 81, 125.) 

Zcmplon and Bognar (Bcr. 1942, 75 [B], 1040) 
synthesised phloridzin b}" the action of aceto- 
bromoglucose on 4-benzoylphloracetophenone in 
aqueous acetone in presence of potassium 
hydroxide at room temperature; the resulting 
2-d-gluco8ido-4-benzoylphloracctophenone tetra¬ 
acetate was condensed with jp-hydrox3^benz- 
aldehj^do under the influence of potassium 
h^’^droxido to uaringenin 5-glucoside which on 
catalytic hydrogenation 5dolded phloridzin. 

For the 6pcc4-r<)graphic study of phloretin and 
phloridzin, sec Lambrcchts (Compt. rend. 1933, 
196,295; 1934,198,1852). 

Thermal decomposition of phloridzin hopta- 
acetate gives )3-glucose penta-acetate and 6- 
hydruxy - 7 - a( etox^' - 4 - [jS - (4" - acctoxj^phenyl)- 
ethyl] coumarin (Jerzraanowska and Klosowna, 
Bocz. Chem. 1938, 18, 234). 

According to Bridci and Kramer (Compt. 
rend. 1931,193, 748 ; Bull. Soc. Cliira. biol. 1933, 
15, 531) phloridzin is present in the leaves of 
Kabnia hitifolia. 

Asebotin, C22H26O10, m.p. 148°, [a]';^ —40-2° 
in absolute alcohol, which is present in the leaves 
of Andromeda japortica Thunb., is phloridzin 
4-methyl ether (Tamura, Bull. Chem. Soc. 
Japan, 1930,11, 781 ; Zemplen ami Mestcr, Ber. 
1942, 75 [B], 1298). 

E. J. C. 

PHLORIDZIN (v. Pjiloretin, this Vol., 
p. 481c). 

PHCENICEIN (v, PiiCENiK, mfra). 

PHCENIN, is found in the bark 

parenchyma cells of purple wood {Cojiaifera 
bracteata) and crystallises from water in minute 
colourless needles or rods which on exposure to 
air become slightly violet. By heating for an 
hour at 150-100°, or by the action of dilute 
acids, phamin is converted quantitatively into 
the red colouring matter phcenicein with elimina¬ 
tion of 1 mol. of water. 

Phcenicein, C14H14O6, minute rods darkening 
at about 190°, is soluble in alkalis with a blue 
colour which becomes violet and finally brown. 
When treated with nitric acid it yields trinitro- 
resorcinol and carbon dioxide, and the latter is 
also eliminated by dry distillation or by the 
action of alkali. Acetylphocnicein, obtained as 
a yellowish-white powder by the action of acetic 
anhydride, appears to contain three acetyl 
groups. The following is thus suggested as a 
possible formula for phoonicein: 

HO C=-CH CH^-O-CH*CH:C OH 

CH:CH(!:HCH(C02H)(iHCH;ioH 

Purple wood yields approximately 2% of 
phcenicein (Kleorekoper, Chem. Zentr. 1901, n, 
‘858, 1085). 

E. J; C. 


PHOLEDRINE. a-^^-Hydroxyphenyl-jS- 
methylaminopro])ano. “ Verifol.’' Circulatory 
stimulant. B.P.C. (Supp. Ill, App. XIV) {v. 
.SYRTirETJO Druos). 

>S E 

PHOSPHATE ROCK or PHOSPHO^-’ 
RITE. The phosphate miocrals of commercial 
importance contain calcium tribasic phosphate 
as their main constituent. They include apatites, 
a crystalline mineral of widespread occurrence 
ill igneous and metamorphio rocks, and the 
amorphous or sub-'iiiicrocrystalline liydrous cal¬ 
cium phosphates found hi sedimentary rocks of 
various geological ages. The phosphatic con¬ 
tent of rocks may be stated as percentage of cal¬ 
cium phosphate (sometimes called bone phos¬ 
phate of lime, or briefly B.P.L.), or in terms of 
equivalent phosphorus pentoxide (P2O5). Bhos- 
phate rock as rained varies greatly in com¬ 
position, ranging from 25 to 90% Ca3(P04)2, 
or 10-40% Po^s- A typical commercial sedi¬ 
mentary rock phosphate from Florida, when 
cleaned, contains (approximately^) Ca3(P04)2 
70, FegOy-l-AI2O3 0, SiOg 0, and F 2%. 

Sedimentary rock phosphate, or pliosphorite, 
oc('urs in two forms; in thick bods, usually of 
high phosphatic content; and in iay'crs of 
nodules, commonly of lower phosphatic grade. 
The bedded phosphates arc generally inter- 
stratified with calcareous formations, and may 
ihemsedves contain much calcium carbonate. 
Richer varieties are often oolitic or concretionary, 
dark coloured rocks, sometimes with a whitish 
efliorescence; the poorer kinds may be described 
as phosphatic marls, limestones, or sands. 
Si:)ecimcms vary from granular, loosely con¬ 
solidated material to hard, dense varieties some¬ 
what rosombling chalcedony. They range in 
hardness from 2 to 5, but arc usually^ harder than 
limestone, and slightly heavier. The colour of 
phosphorite varies from white, through grey and 
brown to almost black, the darker tones being 
commonly associated with a higher content of 
organic matter, which may reach 10%. 

in addition to the extensive sedimentary phos¬ 
phorites, such as those of Florida, Tennessee, 
Algeria-Tunisia, and Morocco, there are high- 
grade phosphate deposits in several islands of 
the Pacific and Indian Oceans. Those consist 
of coral limestones that have been converted 
into phosphate rock by the infiltration of phos¬ 
phatic solutions derived by the leaching of over- 
lying beds of guano, the excrement of sea-birds. 

Sedimentary phosphates consist mainly of 
amorphous or crypto-crystalline minerals, of 
which collophanite, Ca3(P04)2,H20, is a 
principal species. X-Ray diffraction patterns 
also indicate the common presence in phos¬ 
phorites of fltiorapatite, hydroxyapatite^ staff elite, 
and dahlite; in the last two minerals the 
fluorine of fluorapatite, Ca5F(P04)3, is partly 
or wholly replaced by the carbonate radical, 
whilst in hydroxyapatite all or most of the 
fluorine is replaced by OH. Recent American 
investigators assert that the phosphate of all. 
commercial varieties of phosphate rock mined 
throughout the world is an apatite-like mineral 
and mostly is fluorapatite or hydroxyapatite. 

The term phosphate rock, as used in the trade, 
includes deposits of igneous origin which are rich 
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in the mineral apatite, Ca5F(P04)3 with traecs 
of chlorine. ImmcTise bodies of crystalline 
granular apatite are now being exploited in the 
Kola Peninsula, near Kirovsk, U.S.S.R., whore 
the phosphate rock occurs as a great lens within 
aJkalinc igneous rocks. 

A ready field test for phosphorus can bo made 
by adding a few drops of a nitric acid solution 
of ammonium molybdate to a freshly broken 
surface of the rock, which quickly becomes 
coated with a film of yellow ammonium phos- 
phomolybdatc if any phosphate is present. 

The average world production of phosphate 
rock (including apatite) during 1934-38 was 
11,200,000 tons. This was obtained as follows : 
U.S.A. 31% (mainly from the “ land pebble ” 
deposits of Florida, and the residual “ brown ” 
rocks of Tennessee); U.S.S.R. 18% (chiefly 
from the Kola apatite deposits); Tunisia 15% ; 
French Morocco 12%; Ocean and Nauru 
Islands 8% ; Algeria 5% ; Egypt 4% ; Japanese 
Islands 2%; Christmas Island 1*4%; others 

About 90% of the total production of phos¬ 
phate rock is utilised for making fertiliser. 
Ordinary superphosphate, made by treating the 
raw phosphate with sulphuric acid, contains 
about 18% of P2O5 in soluble form, but double 
and triple superphosphates made by treating 
the raw material with phosphoric acid have a 
range of 40-00% of water-soluble P2O5. For 
the cultivation of certain crops the place of 
superphosphate may to some extent bo taken in 
the future by the “ Rheriania,” or high-temp€*ra- 
ture phosphates formed by fusing or sintering 
mineral phosphate with sand and soda at a 
temperature high enough to eliminate fluorine. 
The resulting soda-lime silico-plioaphate has a 
high citric-acid solubility, the total available 
P2O5 amounting to about 25% of the material. 

Small amounts of phosphate rock are used for 
the production of elemental phosphorus, phos¬ 
phoric acid, trisodium phosphate, and other 
phosphorus chemicals, and in the manufacture 
of safety matches, baking powder, stock food, 
etc. A considerable tonnage of the raw material 
is also required in blast-furnaces for the making 
of ferrophosphorus, and phosphor-bronze is a 
widely-used alloy. Some coUoidal phosphate and 
finely pulverised phosphate rock is employed 
for dii’cct application to the soil as a fertiliser. 

Reference. —“ Industrial Minerals and Rocks,” 
American Institute ol' Mining and Metallurgical Engi¬ 
neers, New York, 1937, Chap. XXXIII, by H. 8. 
Martin and J. Wilding (brief rdsuni^ and bibliography). 

I). W. 

PHOSPHORUS. 

Synopsis. 

I. Elemental Phosphorus (p. 483c). Isotopes. Allo- 
tropic fonns, Otieniical properties. Phos¬ 
phorus vapour, molecular constants, and 
thermodynamic functions. White phos¬ 
phorus, i>liy8ical properties. Radioactive 
phosphorus. 

IT. Mannfocture of White Phosphoms (p. 486^!). 
Early manufacture. Blast furnace. Electro¬ 
thermal process. Treatment of phosphorus. 
By-products. 

III. Manufacture of Phosphoric Acid (p. 491c). Con¬ 

version of phosphorus to phosphoric acid. 

, Treatment of the phosphoric acid. W’^et-pro-' 
cess phosphoric acid. Purification. Uses. 

IV. Red Phosphorus (p. 496d). Physical properties. 

Manufacture. 


V. Phosphorus as an Industrial Hazard (p. 490&). 
Poisonous proiKTties, Spontaneous combus¬ 
tion. Burns. 

VI. Oxides and Sulphoxides of Phosphorus (p. 490</). 

Vlf. Oxyacids of Phosphorus. Peracids of Phos¬ 
phorus (p. bO'ld). 

VIII. PyrophosphaUs, Metaphosphates, and Poly^dios- 
phates of ^Sodium (p. 508c). 

TX. Phosphides (p. 514c). Hydrogen phoBidiidcs. 
Metallic phospliides. 

X. Halides of Phosphorus (p, 517a). 

XJ. Oxyhalides and Thiohalides of Phosphorus 
(p. 519c). 

XIT. Phosphorus Cyanides and Related Compounds 
(p. 522a). 

XII1. Sulphides of'Phosphorus (p. 522c). 

J. ELEMENTAL PIlOSPllORUS. 

Sym. P. At. \vt. 30*98. IsotopcH: One 
stable, fgP, wdth nuclear spin ^ Bohr unit; two 
unstable, J9P, half-life 3*2 min., emits positrons ; 
JgP, half-life 14-3 days, emits electrons. 

Allotropic Forms.—Ordinary wfrite phos¬ 
phorus crj'^stallises in the cubic system. At 
— 77^ under atmospheric pressure there is 
reversible transformation to a second, slightly 
denser, form of wdiite phosphorus (hexagonal 
modification). Crystalline black phosphorus, 
orthorhombic, density 2*(>9-2*70, is formed by 
heating to 200°c. under 12,000 atm. It resembles 
graphite in appearance, and has a specific con¬ 
ductance of 1*4 ohm"*^ at room temperature, 
increasing at higher temperatures. The thermal 
conductance also increases with temperatuTc. 
The discovery of these two allotropcs is duo to 
P. W. Bridgman’s investigations at very higli 
pressures (J. Arncr. Chem. Soc. 1914, 36, 1344). 
Crystalline black phosphorus is tho densest, and 
chemically the least reactive of the allotropcs. 
A black phosphorus has also been obtained from 
white at room temperature, by application for 
a short time of 100,000 atm. i)ressuro. This 
reverted to white phosphorus on keeping at 
ordinary pressure (P. L. Gunther, P. Gescll, and 
W. Rebentisch, Z. anorg. (^hem. 1943, 250, 373). 
Tho stability of black modifications of phos¬ 
phorus relative to other forms awaits clariii- 
cation. An amorphous variety of black phos¬ 
phorus, density 2*25, is also obtained by heating 
white phosphorus under pressure (R. B. Jacobs, 
J. Chem. Physics, 1937, 5, 945). 

White phosphorus, protected from air and 
light, remains unchanged indefinitely at ordinary 
temperatures. When heated under normal or 
not v^ry high pressures to about 200®o. (or even 
100 °c. in the presence of an active catalyst such 
as phosphorus di-iodide) it changes slowly into 
a bright red form. Tho white phosphorus may 
be molten or in solution; in phosphorus tri- 
bromide, for example, which is both a solvent 
and a catalyst, red phosphorus slowdy forma at 
the boiling-point of the solvent. A similar red 
form is produced by the action of light or X-rays. 
The colour, density, and reactivity of red phos¬ 
phorus, even when produced without tho inter¬ 
vention of solvents or catalysts, are to some 
degree a function of the conditions (temperature 
and time) of the transformation {v. Red Phos¬ 
phorus, Manufacture, p. 497«Z). Some authors 
refer to violet phosphorus, and tills is a closer 
description of the colour of the chemically fairly 
stable material made commercially. ^ 
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Red phosphorus is chemically less reactive 
than white, except under circumstances whore 
the small specific surface of molten white phos¬ 
phorus is the obvious explanation of the con¬ 
trary observation. It is denser, has a mueh 
lower vapour pressuro, and is almost insoluble 
even in solvents which freely dissolve white 
phosphorus; in these respects red phosphorus 
resembles black. The marked differences be¬ 
tween white phosphorus and the coloured 
allotropes are associated with a major difference 
of molecular stnicture. White phosjdiorus is 
composed of molecules, tetrahedral in shape, 
each atom being symmetrically linked to three 
others. The atomic distance is 2-21 A. (L. R. 
MaxwoU, S. B. Hendricks, and V. M. Mosley, 
ibid. 1935, 3, 699). The only forces acting 
between these non-polar molecules are of the 
van der Waals type, and in solution, in the 
molten state, and in the saturated vapour at 
least up to 700“c. an adequate description of the 
molecular state of white phosphorus is that it 
consists of stable and unassociated molecules. 
Black and rod phosphorus, on the other htind, 
are high polymers. In crystalline black phos¬ 
phorus the atoms are co-valcntly linked in 
extended networks or layers, and crystalline rcrl 
phosphorus has a similar structure. The atomic 
spacings have been studied by A"-ray diffraction 
(R. Hultgren, N. IS. Gingrich, and B. E. Warren, 
ibid. 1935, 3, 351; C. D. Thomas and N. S. Ging¬ 
rich, ibid. 1938, 6, 059). 

Chemical Properties of Elemental Phos¬ 
phorus. —Phosphorus, especially white phos¬ 
phorus, is a very reactive element. It combines 
directly and often vigorously with luost other 
elements ; exceptions are carbon, boron, silicon, 
and the rare gases, possibly also titanium, zir¬ 
conium, lead, bismuth, and mercury. With the 
halogens and with oxygon reaction is spon¬ 
taneous and highly exothermic. With sulphur, 
and with the alkali metals, vigorous reaction 
starts below 250°C. Metals in general form phos¬ 
phides {q.v.) by heating in phosphorus vapour 
or with red phosphorus. In many instances, 
including iron, nickel, copper, and platinum, 
the mass may become incandescent. Gaseous 
atomic hydrogen and nascent hydrogen form 
phosphine; molecular hydrogen reacts with 
phosphorus under pressure at 360°c. Binary 
compounds of phosphorus with all other ele¬ 
ments except the rare gases are known or must 
be presumed by analogy. 

Characteristic of the chemical behaviour of 
elemental phosphorus is its strong reducing 
action. Water at high temperatures and pres¬ 
sures is decomposed by white or red phosphorus, 
with formation of oxyacids of phosphorus and 
phosphine and hydrogen. Alkaline solutions 
attack white phosphorus slowly even in the 
cold (v. Hjqiophosphites, p. 607d). White phos¬ 
phorus precipitates metals such as copper, silver, 
and others electrochemically less positive, from 
solutions of their salts. Physiologically, white 
phosphorus is a strong poison; red phosphorus 
is inert. 

The oxidation of white phosphorus is accom¬ 
panied by remarkable phenomena which have* 
been the subject of many investigations but are 
still interpreted only with the aid of speculation. 


White phosphorus, in moist air at room tem¬ 
perature, glows brightly with a greenish light. 
The glow intensity is parallel to the rate of 
oxidation of phosphorus, and it is attributed to 
reactions in v hich phosphorus vapour is con¬ 
cerned. The nidiation extends into the ultra¬ 
violet region. The glow is destroyed or 
diminished by many organic vapours (ethylene, 
turiiontine, iodobonzene) and many other sub¬ 
stances, notably phosphine. There is a definite 
upper limit to the partial pressuro of oxygen in 
which phosphorus will glow, the limit being a 
function of temperature and of water vapour 
content. Eor example, at 15°c. the limit for 
oxygen saturated with water vapour is 600 mm. 
Only a trace of oxygen is required to produce 
the glow in carbon dioxide or hydrogen chloride. 

Besides the upper pressure-limit for the glow 
there is a lower limit to the oxygon pressure or 
partial pressuro at which phosphorus vapour 
will oxidise. The lower limit is a function of 
temperature, partial pressure of phosphorus 
vapour, presence of inert gases, shape and size 
of reaction vessel. The discovery and investi¬ 
gation of this pressuro limit by J. Chariton and 
Z. Walta (Z. Physik, 1926, 39, 547) and N. 
Semenov {ibid. 1927, 46, 109) played an im¬ 
portant part in the development of the kinetic 
theory of chain reactions in gases. 

Associated with the low temperature oxidation 
of phosphorus under glow conditions are also the 
production of ions in the gas phase, and of ozone. 
The older literature on the glow of phosphorus 
and associated phenomena is reviewed by J. W. 
Mellor, “ A Comprehensive Treatise on Inorganic 
and Theoretical Chemistry,” Vol. VIII, Long¬ 
mans, 1928. A recent study of the relation 
between the glow of phosphorus and its ignition 
has been reported by E, 8. Dainton and J. C. 
Bevington (Trans. Faraday 8oc. 1946, 42, 377). 

The products of oxidation of phosphorus at 
comparatively low temperatures in an excess of 
dry oxygen are phosphorus tetroxide and pent- 
oxide (C. C. Miller, J.C.S. 1929, 1829), whereas 
burning in a deficiency of oxygen gives a mixture 
of trioxide and pentoxide. 

Phosphorus Vapour.—The vapour of white 
phoHi)horus in the neighbourhood of its boiling- 
point consists of P4 molecules, as Dumas showed 
in 1823. At considerably higher temperatures 
dissociation to Pg molecules occurs. A careful 
stxidy of the equilibrium P4^2P2 was made 
by A. Stock, G. E. Gibson, and E. Stamm (Ber. 
1913, 45, 3527). Up to 700°o. no measurable 
dissociation occurs. Between 900° and l,200°c. 
the dissociation constant (expressed in atm.) 
increased from 0-45xl0“^ to 6*118xl0~i. A 
statistical mechanical evaluation of J/iJ from 
the four equilibrium constants in this tempera¬ 
ture range determined by A. Stock, G. E. Gibson, 
and E. Stamm, has been made by D. P. Steven¬ 
son and D. M. Yost (J. Chem. Physics, 1941, 9, 
403), who found satisfactorily constant at 
53,615 g.-cal. per g.-mol. of P4. Similarly, using 
a spectroscopic estimate of J.^2=115,450 g.-cal. 
per g.-mol. of P2 for the further dissociation into 
atoms, the dissociation constant at l,100°o. is 
3*6 X 10-1*, ill agreement with A. Stock, G. E. 
Gibson, and E. Stamm’s conclusion that it is 
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immeasurably small, and contrary to the experi¬ 
mental work of O. Preuner and I. Brockmollor 
(Z. physikal. Chcm. 1913, 81, 129). A statistical 
computation of the equilibrium Pg ^ 2 P has 
been given by H. Zeise (Z. Eloktrochem. 1934, 
40, 885). 

Molecular Constants and Thermo- 
dynannic Functions of Gaseous ^4* ^2* 
and P. —Calculated values of the heat contemt, 
heat capacity, Cp, and Oibhs free-energiy are tabu¬ 
lated below. The entropy for the standard state 
{298 -Uk. and 1 atm.) is also given. The evalua¬ 
tions are based on the following data and 
assumptions. The substances are trcaled as per¬ 
fect gases. The P atom is in a state and the 
Pg molecule is a state. The electronic 
statistical weight of the P 4 molecule is unity. 
The nuclear spin oontri})ution to the partition 
functions is excluded. The moment of inertia 
of Pg is 92-30x10“'^^ g.-cm .2 (G. Ilcrzberg, 
C^anad. J. Res. 1910, 18, 139). The moments of 
inertia of the tetrahedral P 4 molecule an; 251 
X 10 ”'*® g.-cm.“, corresponding to the inter¬ 
atomic distance quoted above. The frequency 
of the vibrational energy terms of Pg is 
780-34 cm.”\ and the first anliarmonicity con¬ 
stant ccpwe is 2-804 cm.~^ (G. Horzberg, “ Mole¬ 
cular Spectra and Molecular Structure,” Vol. I, 
Prcnticc-Hall Inc., New York, 1939); since only 
the first two or three levels contribute appreci¬ 
ably to the partition function of P 2 oven at 
1,500° K., a constant frequency (oJe~2a:’^(Op) 

- 774-8 cm.”^ has been used in the vibrational 
))artition function. The ficquencics and de¬ 
generacies for P 4 are 303 (2); 405 (3); 000 (1) 
(.see G. Horzberg, “ Infra Red and Raman 
Spectra of Polyatomic Molecules,” H. van 
Nostrand Co. Inc., New York, 1945). These 
frequencies have been used in the harmonic 
oscillator partition function. Interaction of 
rotation and vibration has been neglected for 
both molecules. The heat content /i®, and the 
negative of the Gibbs free energy divided by the 
absolute temperature, — are relative to 

the lowest energy state of the specified system 
(atom or molecule). The entropy 
the Gibbs free energy are for 1 atm. pre.ssurc. 


Temp., ^K. 

flo, kg.-cal. per 
g.-mol. 

(p, g.-cal. per g.-mol. 
per °c. 

P 2 . 

1’4. 

P 2 . 

1’4. 

223 

1-57 

2-24 

7-30 

14-12 

248 

1-75 

2-60 

7-42 

14-88 

273-1 

1-94 

2-98 

7-53 

1512 

298-1 

2-13 

3-38 

7-65 

16-05 

350 

2-53 

4-24 

7-86 

16-91 

400 

2-93 

5-10 

8-04 

17-61 

500 

3-75 

6-89 

8-29 

18-08 

600 

4-58 

8-74 

8-46 

18-73 

700 

5-43 

10-63 

8-57 

19-01 

800 

6-30 

12-54 

8-65 

19-20 

900 

7-16 

14-47 

8-70 

19-34 

1,000 

8-04 

16-41 

8-74 

19-44. 

1,100 

8-91 

18-38 

8-78 

19-51 

1,200 

9-79 

20-31 

8-80 

19-56 

1,300 

10-67 

22-27 

8-82 

19-61 

l,4(i0 

11-55 

24-23 

8-83 

19-64 

1,500 

12-44 

26-19 

8-85 

19-67 


Temp., °K. 

— G'O/'/’, g.-cal. per g.-mol. per ''c. 

r. 

P2. 

P4. 

223 

32-59 

42-89 

52-51 

248 

33-12 

43-67 

53-55 

273-1 

33-60 

44-03 

54-64 

298-1 

34-03 

41-95 

55-61 

350 

34-83 

40-10 

57-49 

400 

35-49 

47-07 

59-14 

500 

36-60 

48-73 

62-11 

600 

37-51 

50-13 

64-68 

700 

38-28 

51 30 

66-98 

800 

38-94 

52-34 

69-05 

900 

39-52 

53-26 

70-91 

1,000 

40-04 

54-11 

72-64 

1,100 

40-52 

54-88 

74-30 

1,200 

40-95 

55-59 

75-67 

1,300 

41-35 

56-24 

77-04 

1,400 

41-72 

56-85 

78-31 

1,500 

42-06 

57-42 

79-51 


I) J^.-cal. ]K‘r jx r 'C. 

1 \ P 2 . 1 * 4 . 

38-99 52-10 66-95 


Heat Capacities. —Empirical equations have 
been derived by H. M. Spencer and G. N. Flan- 
nagan (J. Amor. Chem. Soc. 1942, 64, 2511) from 
a tabulation of heat-content values calculated 
by D. P. Stevenson and D. M. Yost (J. Chem. 
Physics, 1941, 9, 403). The latter are similar to 
the values given above, but some discrepancies 
in the free*energy values given by those authors 
made a comi>lete rocalcnlation necessary. For 
gaseous Pg, G;,=8-6434 (0-202x 10-3)7'-(l-030 
; xl0^)/T% and for gaseous P 4 , G;p=19-227 
-f (0-509X 10”^)T— (2-975X 10^)/^^, whore in both 
formula) 298-1 < 1,500. 

White Phosphorus, Cubic Modification 
and Liquid, Physical Properties. —M.p. 
44*26±0-05°o./l atm. (Numerous less accurate 
figures appear in the literature, doubtless 
chiefly because of the presence of traces of 
arsenic and sulphur which are not readily 
removed by vacuum or steam distillation. The 
high molecular lowering of the freezing-point 
(39°) necessitates a purity exceeding 99-99% if 
the melting-point is to be reliable to within 0 ‘l°o. 
Also, because of the large pressure-dependence 
of the melting-point (0-0313°o. for 1 atm.) it is 
desirable to adopt a procedure for determining 
the melting-point which avoids stresses that may 
be present in the glass-like mass obtained 
when slightly supercooled phosphorus solidifies.) 
Under water, the melting-point at atmospheric 
pressure of otherwise pure phosphorus is still 
within the temperature range 44-25±0-05°o. 
Molten white phosphorus supercools readily, and 
may remain liquid as much as 50°c. below the 
melting-point. If the supercooling amounts to 
more than a few degrees, crystallisation spreads 
from a nucleus at a very high linear rate. 
Latent heat of fusion 60UL2 g.-cal. per g.-mol. of 
P 4 at the melting-point Young and J. H. 
Hildebrand, J. Amor. Chem. Soc. 1942, 64, 839). 
Density. Mid pf =1-8233; p“'“=l-8079. The 
expansion on melting at atmospheric pre.ssuro 
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38 3-26%. TAq-uid p*=--1-76705-0-0009222({-20) 
where 20®^/°c.'^280° (kSt. Dobinski, 2. Physik, 
1933, 83, 129). Viscosity. An interpolation 
formula consistent with the data of St. Dobinski 
(Bull. Acad. Polonaise, 1934, A, 103) and A. N. 
Campbell and S. Katz (J. Amer. Chem. Soc. 1935, 
57, 2051) is logio^ (poises)--2-0318-10-67/7’ 
4-(9-00x i04)/7’2, where 290"<T°K.<415^ Sur¬ 
face tension, y (dynes per cm.)—69-70 at 50*0°c.; 
68-53 at 54-0°c.; 66-9^ at 60-2“c.; 64-95 at 
68-7°c. (alliO-3 unit) (El. Hutchinson, Trans. 
E''araday Soc. 1943, 39, 229). The parachor of 
P4 is 205. Heat capacity^ solid, -white {cubic), 
(7;,-21-464-(2-872xl0-2)i per g.-mol. of P^, 
where 0°^Cc. <5^44-2^. JAqiiid, 6^-24-47- (9-521 
X10“^)/ —(3-927X ]0~^)<2 per g.-mol. of P4, 
where 25°<]Cc. <^97°. Both formula^ are given 
by .E\ E. Young and J. H. Hildebrand (J. Amer. 
Chem. So(^. 1942, 64, 839). Vapour pressure, 
liquid. The only accurate data are those of 
D. Macrae and C. C. van Voorliis {ibid. 1921, 
43, 547) summarised by logjo p(ram.)---7-9542 
-2,757-5/7’, where •U7°<7 ’^k.< 423°. The ac¬ 
curacy claimed is iLO-5% from 150° to 100'^c.,and 
[ 5% at. 44 °c. Calculated from this vapour 
})resKure formula, th(^ latent heal of vaporisation 
of liquid phosphorus is ]2,()12 g.-cal. i)er g.-mol. 
P4. Liquid white and liquid rod phosphorus 
(7.1’.) are believed to be the same, and 
the formula logj^p(mm.)--] 1-5694—2,898-1/7’ 
— 1-2566 logjo T is given by D. Macrae and C. C. 
van Voorhis (l.c.) as representing all the reason¬ 
ably reliable data by ditferent investigators of 
white and red phospliorus, in the i-ange 
317°<[7 ’°k.^907°. Vapour pressure, solid while 
{cubic). The published measurements arc not 
very satisfactory. C-alculation from measure¬ 
ments on the liquid, together with available data 
for the heat capacities of liquid, vapour, and solid, 
and the heat of fusion, is more accurate. Taking 
the latent heat of vaporisation derived from the 
two-constant formula of D. Macrae and C. C. van 
Voorhis {v. supra) as applying best to the middle 
of their teinpcraturo range, and utilising thermal 
data already quoted, the latent heat of vapori¬ 
sation of solid white phosphorus {cubic) is cal¬ 
culated to be 13,570 g.-cal. per g.-mol. of P4, at 
the melting-point. Introducing additionally the 
heat capacity of solid white phosphorus (cubic) 
the Clausius-Clai)eyroii equation can be inte¬ 
grated from the melting-point (at which the 
vapour pressure is equal to 0-181 mm., from 
the vapour pressure data for the liquid) over the 
range of validity of the expression for the heat 
capacity of the solid. The resulting expression 
containing five terms does not differ numerically 
by as much as 1% from the simpler formula 
p(mm.).-8-7011-2,996-2/7’, where 273° 
1^317*3°. Some of the measurements of 
M. Contnerszwcr from 20° to 40°c. (Z. physikal. 
Chem. 1913, 85, 99) are consistent with this, but 
those of K. Elsehbock and H. Elich (Z. anorg. 
Chem. 1937, 235, 83), particularly in the lower 
half of their temperature range 0-20°c., are con¬ 
siderably smaller. 

Solubility of White Phosphorus.--VhofiphomB 
is almost insoluble in water. It is extremely 
soluble in carbon disulphide (31-40 at — 10°c., 
81-27 at 0°c., 89-8 wt.-% of P at 10°o.). It is 
soluble in many, probably in most, organic 


liquids to a small extent. The following are in 
g. per 100 g. of solvent: benzene at 20°o., 3-2 ; 
at the boiling-point, 10-03; paraffin at 15°c., 
1-5; diethyl other at 20°c., 0-9; ethyl alcohol 
at 20°c., 0-3 ; glycerol at 15°o., 0-25. 

Applications of Radioactive Phos¬ 
phorus. —The isotope J^P, with a half-life of 
14-3 days, has been used as a tracer in analytical 
work (A. Langer, J. Physical Chem. 1941, 45, 
639) and for studying the facility of interchange 
of phosphorus atoms between molecules, for 
example in ortho-, pyro-, and meta-phosiffiatos 
(D. E. Hull, J. Amer. Chem. Soc. 1941, 63, 1269). 
An interesting example of its use to investigate 
the mechanism of a chemical reaction is E. 
Chargaff’s work on the a/9 isomerisation of 
glycerophosphates (J. Biol. Chem. 1942, 144, 
455). Numerous applications of J^P as a tracer 
in biological work (G. von Hevesy, Ehizymologia, 
1938, 5, 139, and J.C.S. 1939, 1213) include rate 
determinations for phf)sphorus metabolism, up¬ 
take by bone tiasno, and the formation in the 
body of parti(uilar organic; phosphorus com¬ 
pounds. it appears that phospliorus is selec¬ 
tively <;onc-entrated in certain parts of the body 
where growth and new cell formation are most 
active. A new method of treating some 
diseases is thus available, by selective radiation 
of the absorbing tissue (W. E. Chamberlain, 
Chem, Eng. New's, 1946, 24, 1352). 

IT. MANITKACTURE Oh WHITE 
PHOSPHORUS. 

Although wdiitc phosphorus had been sold as a 
curiosity from the time of its discovery, man 11- 
factiiro as a serious commercial venture did not 
start before about the end of the first quarter 
of tlie nineteenth century. The first production 
was in Fran(;o and Germany. In England 
Arthiu’ Albright established manufacture in 
1844, at Birmingham. Until the end of that 
century the^chiof uses w^cro in tfro making of 
matches and pharmaceutical chemicals. 

ifrom the early years of the present century, 
and to a continuously increasing extent, ele¬ 
mental phosphorus has been burnt to phos¬ 
phorus pentoxide. Either simultaneously or in 
a subsequent step the pentoxide is hydrated to 
concentrated jihosphorie acid, from wliich is 
made a large fraction of the industrially useful 
phosphates and some phosphate fertiliser; the 
scale of present-day manufacture of phosphorus 
is controlled by these outlets. 

Early Manufacture. —The earliest manu¬ 
facturing process for obtaining phosphorus from 
calcium phosphate (bone ash originally, later 
phosphate ore), which was emjdoyod for very 
many years but is now only interesting his¬ 
torically, took advantage of the comparative 
ease of reduction of phosphoric acid by making 
first the acid from sulphuric acid and calcium 
phosphate. The phosphoric acid, concentrated 
by evaporation, was mixed with sawdust, char¬ 
coal or coke, and the mixture dried and charred. 
The product was charged into bottle-shaped fire¬ 
clay retorts set in a coal-fired brick furnace. At a 
temperature approaching white heat phosphorus 
distilled out and was condensed under water; 

J 4HP03d-12C=2Hg+12C0-fP4. 
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The article entitled Piiosphords in Vol. IV of 
the 1913 edition of this Dictionary contains an 
authoritative and detailed deHcrij)tion by J. B. 
Beadman of this early process. 

The economic disadvantages of the earlier 
process had been conspicuous for many years 
ladbre it was superseded. Changes obviously 
desirable wore elimination of use of sulphuric 
acid, and a furnace that would work con¬ 
tinuously. Both are achieved by heating a 
uiixture of calcium phosphate, silic*a, and carbon 
to -wdiite heat, as tirst proj> 08 od by Wohler 
(Pogg. Annalon, 1829, 17, 179). 

C3oP 20g-l ■ 3Si O 2 T 5C 

=3CuSi Og-f" SCO-PIP^. 

The calcium oxide is eliminated from the sy8t(3m 
as molten calcium silicate and uninterrupted 
operation of the furnace becomes feasible. (In 
the absence of an acidic flux such as silica or 
alumina, higher temperatures are necessary, and, 
depending upon the conditions, calcium phos¬ 
phide or carbide is formed, but cannot readily be 
slagged out of the furnace.) The necessary heat 
is supplied enther by burning excess fuel, as in 
the blast-furnace method, or electrically. The 
industj'ial use of silica as a flux was foreshadowed 
in 1807 by Aubertin and Bobliquo (F.P. 77454) 
and the idea of reducing phosphate by means of 
a blast furnace was tlui subject of B.P. 3515, 
1808 (to Brison), 1593, 1870 (to Aubertin), ami 
49, 1879 (to 8er\xd. The earliest serious practi¬ 
cal attempt (although only on a pilot-plant scale) 
to use the principle of the blast furnace seems to 
have been about 1887 by J. B. Roadman, in the 
neighbourhood of Edinburgh; the effort was 
unsiicctissful because the temperature could not 
be kept high ciiough to get the slag sufliciently 
fluid. 

The Phosphorus Blast Furnace.—The 
cxperiinontal difficulties of full-scale phosphorus 
manufacture by the blast-furnace principle were 
overcome in the I'.8.A., and one or two phos¬ 
phorus blast furnaces ha ve been worked in that 
country. An illustrated description of jhlot 
plant work and full-scale design and operation 
of a blast furnace built at Nashville, Tonnesso, 
by the Victor Clieniical Co. has been given by 
H. W. Eastorwood (Trans. Amer. Inst. Clicm. 
Eng. 1933, 29, 1). This furnace had a capacity 
of 15,000 tons of phosphorus per year in the 
form of “ furnace gas ” consisting i)rincipally of 
phosphorus vapour, carbon monoxide, and 
nitrogen. The fumaco gas carried some silica 
and carbonaceous dust which was removed by 
passage through a series of dust collectors. The 
treatment of the clean furnace gas was to cool a 
])ropoi-tion of it by water sprays, separating 
molten phosphorus under hot water, and to 
burn the remainder. The gas to bo burnt was 
divided into two streams, part being burnt in 
heat exchange stoves which served to preheat 
the air-blast for the furnace to 600-700°c., the 
remainder being burnt in steam-raising boilers. 
The gaseous combustion products carrying 
phosphorus pentoxido vapour w'cre hydrated 
and cooled by internal evaporation of water; a 
mist was produced from whi(;h phosphoric acid 
was collected partly in the hydrator itself, partly 
in the connecting mains, and finally by electro¬ 


static precipitatiou. The acid obtained in this 
plant, although more concentrated (u[) to 9 t)'!{) 
H 3 PO 4 ) th an phosphoric acid ma(i<i by tbo 
“ wet process ” {n. infra) was much less pure 
than acid made by separating the phosphorus 
first and burning it in a separak^ stage. Typical 
analytical data an^; P 2 O 5 54-88, (Fe and 
Al) PO 4 0-13, SO 3 0 - 01 , toted bases O 

The blast furnace was charged with skipdoads 
of dried briquettes of ground phosphate fuck 
mixed with about half the carbon stoichoio- 
mctrically required for reduction of tlio phos¬ 
phate ; mixed with the briquettes were silica 
(gravel) and coke. The overall widglit ratio of 
silica to lime in the materials foci to the furnace 
warn adjusted so that the slag had a lime to silica 
weight ratio of i-2 to J, because experience 
showed that troubles from volatilised silica was 
reduced thereby. Slag Avas tapped liouriy. 
Almost the whole of the iron content of the orc>, 
gravel, and coke Avas reduced to ferrophospliorus 
(containing 20-25% of P) and this Avas tap[)cd 
twice daily. The silicate slag contains about 1% 
by weight of pliosphorns, partly in the form of 
(calcium si!ico])hos[)hate, partly as sus]>ondod par- 
tick's of ferrophospliorus. Fluorine is contained 
in the furnace charge because tbo phosphate orci 
is normally closer in eomposition to iluorapatite, 
CaF 2 , 3 Ca 3 P 20 t<, than to tricalcium phosphate. 
The greater })art of the fluorine was found in the 
slag, but some was volafiliscHl as SiF^. The 
deliberate use of hydroiliiosilicic acid dissolved 
out of the moist furnace gases aftoi* spray cool¬ 
ing, to promote breakdoAvn of tbo emulsion of 
condensed fihospborus di'o[)letH, is described iii 
Ct.P. (534949, 1932 (to MetalIgoscllscliaft); it 
arose from trouble encoiiniered during the brief 
operation of a blast furnace in Bern broke, 
Florida. 

The yield of volatiliscid pliosphorns was as 
high as 95%, and the yield as phosphoric acid 
was up to 90% of the total phos]>horiis content 
of tho furnaco charge. No phosplorus blast 
furnace has boon ojicratod on a coniniorcial scale 
in tho United Kingdom, and pnlilisbed informa¬ 
tion is virtually restrif-ted to tlu^ article by 
Easter wood. 

At the present f imo in all countries most, if 
not all, of the phosphorus, and phosphoiic acid 
or pliosjihates so far as tlujse are derived from 
phosphorus, are produced olectrothormally. It 
cannot bo concluded thfit tho blast furnaco is 
necessarily inferior to the electric phosphorus 
furnace. Decisive economic factors are tho costs 
of transported phosphate rock, and of energy; 
development of low-priced hydroelectric power 
during tho last two decades, particularly in tho 
Tennessee Valley, has been accompanied by con¬ 
siderable growth of electrothermal phosphorus 
production in the U.S.A. Another influential 
factor is tho circumstance that a phosphorus 
blast fumaco has to bo largo in order to be 
economical, whereas electrothermal phosphorus 
units arc only marginally less efficient at a 
capacity of 2,000 tons of phosphorus jicr annum 
than at 20,000 tons. This gives a flexibility to 
the scale and capital cost of electrical manu¬ 
facture well suited to recent conditions of change 
in the total roquiroment of phosphorus as an 
intermediate for chemical manufacture (as 
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distinct from phosphate fertiliser manufacture). 
Moreover, in most countries where only the 
fertiliser scale of manufacture could justify so 
large a phosphorus unit as an efficient blast 
furnac^e, the situation has been dominated by 
the alteniative process for making phosphate 
fertilisers, namely reaction of pho8j)hate ore with 
sulphuric acid (superphosphate or trijde super- 
phasphate). However, it is reasonable to expect 
that progressive technical inlegration of heavy 
chemical manufacture may alter the balance of 
cost factors and therefore the choice of method ; 
one possibility which has been considered is the 
improvement of tlie pcjrforrnance of the blast 
furnace by suppl^'ing it with oxygen enriched 
air, whilst collaterally utilising the nitrogen 
enriched air. 

Electrothermal Process. —The earliest 
patent protecting the use of electrical energy for 
producing phosphorus w^as granted in England, 
to J. B. Roadman, in 1888 ; T. Parker and A. E. 
Robinson applied for letters patent a little later 
in the same year. Roadman tried ()ut his ideas 


in conjunction with the Cowles Co., Ltd., near 
Stoke-on-Trent, and Parker and Robinson (the 
Electric Construction Co., Ltd.) experimented 
independently, near Wolverhampton. About 
1891 a new phosphorus factory was constructed 
near Wolverhampton as a joint venture, to’prove 
the commercial feasibility of the Rcadman- 
Parker-Robinson furnace. A number of small 
furnaces each of 00 kw. w’cre used, and a volatili¬ 
sation of over 75% of the pho 82 )horus, wdth an 
electrical energy consum})tion under It) kw.-hr. 
per lb. of phosphorus was achieved. 

Although the evolution of design of electro¬ 
thermal phosphorus furnacics through half a 
century of experience has resulted in consider¬ 
able variations of detail in different works and 
different countries, there arc probably no ini- 
2 >ortant differences of principle. It is usual to 
have several furnaces in a factory, so that the 
electrical load is not subject to a large j)ercciitago 
change when a furnace is shut dowm for ro])airK. 
The smallest commercial units consume about 
1,500 kw'., the largest at present (194()) in us(3 



])robably about 15,000 kw. According to the 
(piality of raw materials available and the size 
of the furnace, the consumption of electrical 
energy varies in the range 5-8-7'0 kw.-hr. j^er lb. 
of phosj)horus produced, including phosphorus 
in the by-product ferrophosphorus. 

Phosphorus furnaces are three-phase, and 
operate at commercially available frequencies 
wdth a voltage of 170-200 between electrodes. 
During the past tw^enty years the tendency has 
been towards increased voltages, and manu¬ 
facturers are contemplating trials 'with still 
higher voltages. The electrodes are cylindrical 
and hang vertically in the furnace. Fig. 1 shows 
a section through a furnace; in plan it is circular 
with the thi’ee electrodes symmetrically placed. 
(Phosphorus furnaces are sometimes built 
rectangular iff plan, the advantage being 
simplicity of furnace superstructure, especially 
the bus-bar layout, and ease of access to the 
electrodes for renew'al.) The electrodes are 
either of the Soderberg type, or hard carbon, I 
usually the latter. Electrode currents run from I 


5,000 to 30,000 amp., the largo values recjuiring 
water-cooled electrode clamps for connection to 
the bus-bars, and carbon electrodes of up to 40 in. 
diameter. As in all electric furnaces, care must 
bo talion in the design of the secondary bus-bars 
to obtain minimum reactance. The furnace 
power factor usually lies between 0-90 and 0-98. 
To minimise eddy-current losses and reactance, 
sections of the furnace cover are made of non¬ 
magnetic material. The furnaces are best 
operated as constant current units and automatic 
control of the position of the oloctrodos (i.c., 
distance of the electrode end above the molten 
slag pool) is customary ; for this purpose electro¬ 
magnetic relays are used to operate the winches 
attached to the electrodes. The relays them¬ 
selves are actuated by current transformers placed 
in either the primary or the secondary circuits 
of the main furnace transformer. Primitive 
stuffing boxes are fitted where the electrodes 
pass through the furnace cover; on large 
furnaces they are water-cooled. The gas 
pressure in the furnace is only a fraction of an 
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inch (water-gauge) above atmospheric, and the 
seal in the stuffing boxes may be made by 
asbestos or sand or slag wool. The hearth con¬ 
sists of hard carbon blocks which extend also 
2 or 3 ft. up the inside. Carbon is used because 
the molten silicate slag raj)idly attacks refractory 
ceramic linings. The life of the hard carbon 
hearth and lining may be anything from nine 
months to several years; mu(*h depends upon 
strict attention to the correct proportion of 
carbon in the mixture charged to the furnace. 
I^sually there is a firebrick lining outside the 
hard carbon, extending up to the top of the 
casing and under the roof. 'J'he outside steel 
shell is sometimes water-cooled by sj>rays. ' 
furnace shown has a single tap-hole from which 
both slag ai]d ferrophosphorus are drawn, but 
in largo furnaces a second ta])-hole at a lower 
hnel is sonictiincs list'd for withdrawing ferro- 


phosphonis only. Tapping is done at intervals 
of a few hours, the tap-hole being plugged with 
elay when the slag stream ceases. When slag 
and ferrophosphorus are tapped together the 
two arc separated by running the molten stream 
first into a catch-pot, from w hich the lighter slag 
overflow's into a slag pit, or into a tank in which 
it is (picnclicd aiul granulated with w'ater. 

The furnace is kept fully charged (although not 
full to the roof) by allowing the mixture to feed 
automatically down from an overhead bin 
through fced-ho])pers in the furnace cover; the 
hoppers are arranged to give more or less an 
even depth of charge across the furnace. The 
feed pipes from the hoppers extend a foot or so 
below the underside of the roof, to ensure a free 
passage for the gases across to the outlet pipe. 

The flow sheet of Fig. 2 indicates the quantita¬ 
tive aspect of the process, w hen good ipiality 



Fig. 2. 


phosphate ore and coke are used. All in¬ 
gredients of the furnace charge arc, if necessary, 
dried before weighing. 

Adequate porosity of the furnace feed is im- 
jiortant, smcc a large volume of gas must con¬ 
tinuously escape from the reaction zone deep in 
the furnace. The most satisfactory grading for 
the phosphate and silica is pieces of about J in., 
whilst the coke is usually i—IJ in. The coke 
and silica present no problem, but the phosphate 
from most mines is too fine or too friable to be 
used directly. It is “ sintered ” by a process 
introduced liy Metallgesollschaft in 1928, the 
temperature'being raised until incipient fusion 
binds the particles into a reasonably coherent 
mass which is cooled and crushed to size, the 
undersize being returned for reheating. Plant 
for the sintering operation is a moving belt wdtli 
cast iron plates, which acts as a grate (Dwight 
and Lloyd continuous sintering plant is usual). 
The p‘hosphate rock is mixed (moist) with fine 
coke and a little clay, fed to the moving grate. 


and heated by oil or gas liurners until the coke 
ignites and burns out under forced air down¬ 
draught. At the present time most of the 
phosphorus furnaces in the U.S.A. work on 
“ sintered ” or “ nodulised ” phosphate. (The 
latter term is applied to a heat treatment in 
rotary kilns, omitting the coke and firing by gas 
or oil.) In England and European countries the 
tendency has been to use Florida pebble phos¬ 
phate or Russian Kola concentrates ; the former 
can be used dncctly, the latter after sintering. 
From the point of view of phosphorus-furnace 
operation there is little to choose betweiui 
sintered and pebble phosphate of comparable 
phosphorus content, and the choice turns on 
availability and delivered price. 

It is interesting that a substantial proportion 
(30-60%) of the fluorine is driven out of the 
fluorapatite in the sintering or nodulising 
operation. The conditions under which fluorine 
can bo more nearly completely removed from 
fluorapatite have been studied at the Bureau of 
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Chemistry and Soils, Washington. It appears 
that by the action of steam on the phosphate ore 
at J,400^c. 95% and upwards of the fluorine can 
be removed. Silica (which is present in most 
naturally occurring phosphates, and can be 
supplemented as required) assists materially. 
The phosphate product is a mixture of hydroxy¬ 
apatite, tricalcium phosphate, and tetracalcium 
phosphate (Ca 4 P 20 {,) according to the con¬ 
ditions employed. The following papers may 
bo consulted, where also references to other work 
will be found : D. S. Reynolds, K. D. Jacob, and 
L. F. Rader, Ind. Eng. Chera. 1934, 26, 400; 
1). S. Reynolds, K. 1). Jacob, H. L. Marshall, 
and L. F. Rader, ibid. 1935, 27, 87 ; 1930, 28, 
078; II. L. Marshall, 13. 8. Reynolds, K. D. 
Jacob, and L. F. Rader, ibid. 1935, 27, 205 ; also 
T. P. Hignett and T. N. Hubbuch, ibid. 1940, 
88 , 1208. This work on defluorination, done 
with the object of converting the non-accessible 
phosphorus peritoxido of natural fluorapatites 
into an available form for agriculture, is also 
interesting to the phosphorus manufacturer in 
connection with the properties of the furnace 
slag; for instance, fluorine is an undesirable 
(lonstituent which militates in some way, not yet 
understood, against the use of phosphorus 
furnace slag as a basis for cement clinker. 

Quartz and quartzites used in the industry 
vary from 85% SiOg upwards. The raw 
materials are continuously weighed and roughly 
mixed before being fed into the furnace. The 
chemical reaction can be approximately formu¬ 
lated as 

-|P4+9CaSi03+CaF2+15C0. 

Any iron present in the raw materials is con¬ 
verted to forrophosphorus, which forms a molten 
layer under the silicate slag. It is usual to keep 
the weight ratio of CaO to SiOgd-AlgOg in the 
slag at about unity in the interest of smooth 
working of the furnace. Whilst lower ratios 
give more easily fusible slags and tend to im¬ 
prove the yield of volatilised phosphorus, the 
advantage is offset by increase in energy con¬ 
sumption because of the larger amount of molten 
slag produced, and a tendency to attack the 
lining of the furnace. Volatilisation of silica is 
not a serious problem in electric furnaces al¬ 
though the siliceous, carbonaceous, and phos-1 
phate dust carried by the furnace gases causes 
trouble (unless effectively removed from the gas 
stream). The dust mixes with the condensed 
phosphorus forming a diflicult material referred 
to as “ phosphorus mud ”; this is usually 
returned to the furnaces or distilled in separate 
resistance-heated furnaces. 

The gaseous reaction products are taken off 
through a wide pipe at the top of the furnace, 
to the condensers. The partial pressure of phos¬ 
phorus vapour is about 60 mm. corresponding 
to a dew-point of about 175°c. Arrangements 
for cleaning the furnace gas from dust and for 
condensing vary somewhat; the plant items 
utilised up to 1945 by I.G. Farbenindustrio in the 
works of the Bayerische Stickstoflfe A.-G. at 
Piesteritz in Germany are representative of 
good practice. They are described in a detailed 
rcpqrt on the German phosphorus industry 


(B.I.O.S. Report No. 562 (Item 22), 1946). 
The gas loaves the furnace at 250-300°o., and is 
passed dry through electrostatic precipitators 
well above the phosphorus dew-point. Each 
furnace is provided with a sot of two electro¬ 
static precipitators and three condensers all in 
series, the whole being duplicated for each 
furnace by a stand-by set. The shells of the 
condensers are of metal cooled externally by 
sprays and internally by shaft-driven rotating 
metal discs wdiich dip into a water layer at the 
bottom of the condensers. A simpler typo of 
condenser, consisting of a number of vertical 
towers in series, with internal sprays of warm 
I water, is often employed. The water is kept 
above 44°c. so that the phosphorus remains 
molten and can bo run to storage tanks. At this 
stage the condensed phosphorus is at least 
99*8% pure. There is always some phosphoric 
acid in the internal condenser water because of 
slight oxidation of phosphorus in the upper part 
of the furnace and by dissolved air in the con¬ 
denser water. Hydrofluosilioic acid is also 
present since a variable proportion (usually less 
than one-third) of the fluorine in the phosphate 
rock is volatilised as silicon tctrafluoride. 

With high-grade raw materials the yield of 
phosphorus as element is 85-90% of the total 
charged to the furnace, with a further 2-5% in 
the recovered forrophosphorus. Unvolatilised 
phosphorxis remaining in the slag varies from 
3-6%, and there is an “ unaccounted-for ” loss 
of 2-40/^. 

Treatment of the Phosphorus. —Arsenic 
and sulphur are invariably present in the raw 
materials, and both are found in the phos¬ 
phorus, usually to the extent of 100-200 p.p.in. 
There are also traces of organic matter. For 
many purposes these impurities are unimportant, 
and the only purification of phosphorus sold as 
such is bleaching (by stirring with a hot acidified 
solution of sodium dichromate) and filtration. 
Treatment of molten phosphorus with fuUer’s 
earth or active carbon removes the organic 
matter and gives an entirely colourless product. 
Elimination of arsenic from elemental phos¬ 
phorus is difficult. Some reduction is effected by 
steam distillation, but tho claim for complete 
removal (E. Noelting and W. Feuerstein, Bor. 
1900,33,2684) goes too far. Partial removal can 
be effected by vigorously shaking molten white 
phosphorus with yellow ammonium sulphide 
solution. Fortunately arsenic is quite easily 
removed from phosphoric acid and solutions of 
phosphates. White phosphorus of English 
manufacture is sold in the form of “ wedges ” 
made by casting under water into flat cylinders 
with star-shaped partitions, or as sticks made 
by casting or by drawing through glass tubes 
under cold water in the manner described by 
K. Seubert (Annalen, 1844, 49, 346). 

By-products from Electrothermal Phos¬ 
phorus Manufacture. —Carbon monoxide at 
80-90% purity is obtained from the condensers. 
The principal impurities are nitrogen, water 
vapour, methane, carbon dioxide, hydrogen, and 
fractional percentages by volume of phosphorus 
and sulphur compounds. X*art of the gas is 
sometimes used for drying and calcining the raw 
materials for tho furnaces. A surplus is avail- 
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able as fuel or for conversion to chemical 
products. 

Phosphorus furnace-slag, consisting essentially 
<.)f calcium silicate, has typically the composi¬ 
tion : CaO 47; SiOg 42; AlgOg 5; PgOg 
1 •5-2-5; F 1-3; NaaOd-KgOd- MgO 2-5%; 
Mn, Ti, S, C, As in traces. A variable pro¬ 
portion (it may be over one-third) of the ferro- 
phosphonis corresponding to the iron content of 
the raw materials remains dispersed in the slag; 
the amount depends upon the location of tap 
holes arid tapping procedure. 

The slag is a jjotentially valuable commodity 
but a total in all countries of probably more than 
a million tons annually is dumped or used for 
load construction. Recently effort has been 
directcfl to finding outlets for it. The Tennessee 
Valley Authority has explored its use for agricul¬ 
ture, principally as a source of lime. Bulletin 
No. 184 from the University of Tennessee Agri¬ 
cultural Exj)erimont Station (1943) entitled 
“ Quenched Calcium Silicate Slag, a by-product 
Substitute for Tjimcstoiie and Superphosphate,” 
by W. 11. Macintire and S. 11. Winterberg, 
describes the production of the slag in a suitable 
form, and the results of agricultural trials. The 
slag is quenched by high pressure water jots 
impinging on the molten stream as it falls over 
a weir, the result being a granular glassy product. 
Lime is readily released from this by hydrolytic; 
a(Tion of soil moisture, and it is further claimed 
that the small phosphate content is also avail- 
fiblo, and that the fluorine in the slag is harmless 
to plants. Another use for the slag is con¬ 
version into “ mineral wool ” for insulation. 
By loss drastic quenching a cellular product 
(foamed slag) has been made, useful for insula¬ 
tion or as a light-weight jiggi’egate in concrete. 
Attempts to produce a hydraulic; cement by 
raising the lime-silica ratio into the Portland- 
cement range have not been successful. It has 
been j)roposod to replace all or some of the 
silica in the funiaco charge by bauxite to give- 
slags consisting of calcium aluminate, or at least 
containing a considerables proportion of alumina; 
such slags are claimed as hydraulic materials 
(B.P. 2G4520, 285055, and 287030, to I.G. 
Farbenindustrie; G.P. 490803, to W. Kclirodcr). 
Ferrophosphorus finds a market as a subsidiary 
material in the manufacture of steel. When 
demand exceeds supply, scrap iron can be added 
to the furnace charge. If supply persistently 
exceeds demand, the phosphorus content can be 
recovered as trisodium phosphate (U.S.P. 
1888003 and 1926747, to Victor Chemical 
Works) by mixing finely ground ferrophosphorus 
with soda ash and heating in an air stream: 

2FePf3Na2C03+402 

”^®2^3'h2Na3P04-f 3 CO 2 . 

Another furnace by-product can be sodium silico- 
fluoride, made from the silicon tetrafluoride dis¬ 
solved out of the furnace gas in the condensers. 

Attempts to devise furnace processes which 
would combine the manufacture of phosphorus 
with other products for which an outlet exists 
on a stoicheiometrically relevant scale havo 
appeared in patent specifications, but so far 
none apjiears to have been developed success¬ 
fully. An interesting example is manufacture 
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of calcium carbide and pliosphonis simul¬ 
taneously by the reaction 

Ca3(PO^)2+14C-3CaC2f SCO IJP,, 

(G.P. 92838, 1805, to H. Hilbert and A. Frank). 
It is claimed that the calcium carbide, although 
unsuitable for acetylcno manufacture (it con¬ 
tains calcium pbosphit(o), can be used for making 
calcium cyanamide. 

III. MANUFACTUHK OF PHOSPHORIC 
ACID. 

Conversion of Phosphorus to Phos¬ 
phoric Acid.—In some plants the whole furnace 
gas after removing dust is burnt; in others the 
phosphorus is condensed and burnt separately. 
The latter is the more usual at the present time. 
If the by-product (;arbon monoxiilo is used for 
its fuel value only, there is not necessarily any 
economy over the more dirc(;t process of burning 
the gas along with the phosphorus vapour. The 
utilisation of the heat of combustion of both 
phosphoras and carbon monoxide, together or 
separately, is a jwoblem of chemical engineering 
design and of the balance botw'oeu the cost and 
usefulness of steam on site versus ca[)ital amorti¬ 
sation. Until rooently the recovery of the heat 
from combustion of phosphorus or furnace gas 
has been rather unimportant, but latterly the 
growth of the phosphorus industry together with 
its increasingly competitive character and tin; 
rising cost of coal is directing attention to the 
economy possible. 

When the phosphorus is isolated and burnt 
separately, two procedures are possible. The 
phosphorus can be burnt in excess dry air, and 
the anhydride vapour condcusod to the fiimiliar 
white powder, which is then hydrated in a 
separate stage. Alternati\ady the hot gaseous 
product of phosphorus combustion in air can be 
treated directly Aviih steam or water sprays. 
Both methods have been used successfully. The 
condensation of phosphorus pentoxide vapour 
to a satisfactory ” snow ” involves unusual 
problems of heat transfer. Largo volumes and 
i areas of condensation sj>aco seem to bo neces¬ 
sary. B.R. 197863 (to R. Throlfall) indicates 
some of the factors involved. When the hot 
gaseous producls of combustion are hydrated 
directly, a mist of phosphoric acid droplets is 
formed, which can bo separated from the accom¬ 
panying nitrogen by filtration at high linear 
rates of flow through packed towers (W. H. 
Baskervill, Trans. Amer. Inst. Chom. Eng. 1941, 
37, 83) or by electrostatic precipitation. A 
different method, avoiding formation of acid 
mist, is absorption of the hot phosphorus pont- 
oxide vapour into concentrated phosphoric acid, 
which is cooled and re-oycled through the ab¬ 
sorption tower with continuous addition of the 
stoicheiometrically needed water and tako-oft' 
of concentrated acid (J. H. Walthall and M. M. 
Striplin, Ind. Eng. Chom. 1941, 83, 995). The 
engineering difficulties encountered in the design 
of large-scale plant for converting phosphorus 
to phosphoric acid have been serious because of 
the high temperature and corrosive nature of the 
acid. Reference may be made to papers 
already mentioned and to H. A. Curtis, Trans. 
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Amer. Inst. Chem. Eng. 1935, 31 , 278; H. A. 
Curtis, Chom. Mot. Eng. 1935, 42 , 320; H. A. 
Curtis and A. M. Miller, ihid. 1936, 43 , 408; 
II. A. Curtis, A. M. Miller, and R. H. Newton, ibid. 
1938, 45 , 193; U.S.P. 2272402, 1942, to Mon¬ 
santo Chemical Co. 

The possibility of preferentially buniing tho 
phosphorus vapour in the furnace gas to phos¬ 
phorus pentoxicle without oxidising much of the 
carbon monoxide has been examined by G. L. 
Erear, E. F. Ogg, and L. H. Hull (Canad. ( 'hem. 
1942,26,268) and appears to be feasible. G.P. 
449585 and 475128 (to W. Kybor) claim the 
application of this effect to the production of 
phosphoric acid and high-grade generator gas, 
by mixing with the gas obtained from a phos- 
pliorus blast furnace just sufficient air to oxidise 
the phosphorus only. The proposal is extended 
to the oxidation of phosphorus va]K)ijr at high 
temperature by carbon dioxide, which is reduced 
to carbon monoxide. A cognate ejnestion is tlie 
nature of the gas-phase equilibria among the 
species Pg, P4, P4O6, P4O1,,, and CO 

and COg, which has been examined in a pr(‘- 
liminary manner by E. V. Britzke and N. E. 
Pcstov, Trans. Sei. Inst. Fertilisers (U.S.S.R.), 
1929, No. 69, 5, and by P. if. Emmett and J. F. 
Schultz, Inch Eng. Chem. 1939, 31 , 105. Con¬ 
trary to claims in sevei-al patents that ])hos- 
phorus vapour can be completely oxidised by 
carbon dioxide to phosphorus pentoxide, it is 
clenT from tho work of these authors that the; 
reaction (in the neighbourhood of l,()()0^c.) tends 
to an equilibrium involving (P204)^as well as 
P4OJQ. Emmett and Schultz, however, show 
that if tho P4O1P is removed from the gas phase, 
as for example by reaction with calcium phos¬ 
phate to form calcium metaphosphatc, complete 
oxidation to quinquevalcnt phosphorus is 
possible, and they suggest the possible appli¬ 
cation of this to the simultaneous production of 
a concentrated fertiliser and hydrogen by inter¬ 
action between the carbon monoxicle and water 
vai^our, and re-eyeling the carbon dioxide from 
the water-gas conversion. Reference may bo 
made here to a dcscripticm by H. A. Curtis, 
R. L. Copson, A. J. Abrams, and J. N. Junkins 
(Trans. Amer. Inst. Chem. Eng. 1938, 34 , 287) 
of the full-scale production by tho Tennessee 
Valley Authority of calcium metaphosphatc, 
employing, however, the gaseous product of 
combustion of phosphorus alone in air. The 
manufacture of calcium metaphosphate in this 
way was introduced by tho Aussig Verein in 
1929 (Czech. P. 38892; F.P. 712589). 

Treatment of the Phosphoric Acid.— 
All variants of tho phosphorus combustion pro- 
(;ess give hot concentrated acid in the first 
instance, which is bleached, if necessary, before 
coohng, de-arsenicated, and filtered and diluted 
to a definite concentration. 

Methods of de-arsenication applicable to con¬ 
centrated acid include: {a) treatment with 

hydrogen sulphide or sodium sulphide, preferably 
at 70-80°c. To avoid having the whole volume 
of the viscous acid to filter tho l.G. Farben- 
industrie (B.I.O.S. Report No. 562 (Item 22), 
p. 41) add mineral oil and blow vith air, so that 
the arsenic sulphide collects in tho froth; the 
flotation layer is filtered with kieselguhr and 


carbon black as filter aid. (b) Electrolysis of 
tho concentrated acid, tho arsenic being in part 
reduced to arsine, in part deposited on tho 
cathode, which is separated from the anode by 
a diaphragm. This method lends itself to con¬ 
tinuous-flow operation, and the consumption of 
platinum at tho anode is not excessive, although 
the initial cost is liigh. Small particles of 
arsenic occasionally flake off from tho cathode, 
and rough filtration is necessary to retain them. 
The addition of copper to the acid to aid in tho 
electrolytic; removal of the arsenic is recom¬ 
mended. (c) The Monsanto Chemical (k). (U.S.P. 
2287683, 1942) describes another method ajDplic- 
abl(; to viscous acid, oven up to a concentration 
as high as tetraphosphoric acid, HQP4O13. The 
acid is licated to about I0r)°c. and passed through 
a vessel packed with thin copper foil. The 
arsenic is converted into a black coating of 
(;oi)per arsenide on tho coj)j)er siirhico; frag¬ 
ments of the coating which b(;(‘onio dislodged 
arc retained by a coarse Alter. It is (■lairm;d that 
the presence in the acid of ()'01-0'2% of hydro¬ 
chloric; acid almost entirely prevents solution of 
(‘oppew in the acid, provided that air is excluded. 
(d) Other ehemioal motliods of reducing the 
arsenic to tho elemental condition are aj)plicahlc. 
These are mentioned in connection wdth “ wet- 
proc;oss ” acid. 

In England phos])horic‘ acid is marketed as 
acid of density (p) T750 at 60>., oorrosponding 
to 65-03% of P2O5; p 1-650, corresponding to 
58-82% of P2O5 ; and p 1-500, corresponding to 
48-719() of P205- El hulk the aeicl is trans¬ 
ported in stainless-stool tanks, smaller qiiantiticxs 
being carried in crated glass (-arboys. Althougli 
tho acid at p 1 -750 is theorol ieally liable to 
crystallise; at any tem])orature below 28^c., in 
practice the londoncy to remain supercooled is 
so strong that freezing occ-urs only in very cold 
w^eather. Tho acid can ho romoltod by standing 
the glass carboys in warm water, with remark¬ 
ably few casualties. 

Wet-process Phosphoric Acid. —In tho 

“ wet process ” raw phosphate is decomposed 
by Bulx^huric acid under conditions which ensure 
tho reaction 

C^aP 20 g+3H2S04,aq. 

-3CaS04,2H20F2H3P04,aq. 

Compared with combustion of electrothermal 
phosphorus or fifmaco gases, tho wet process 
can produce phosphoric acid more cheaply per 
unit of phosphorus pentoxide content, except 
where electric power is available at exceptionally 
low cost. On the other hand, the acid is very 
impure, and unless concentrated by evaporation 
does not usually contain more than 30% of P2O5, 
often-less. An important use of crude phos¬ 
phoric acid from the w'et process is in the manu¬ 
facture of concentrated phosphate fertilisers, 
including to an increasing extent “ triple ” 
superphosphate, and for this purpose the im¬ 
purities are not of primary importance. When 
the crude acid is used for making alkali phos¬ 
phates such as di- and tri-sodium phosphates 
the impurities are in part eliminated as in¬ 
solubles (iron, aluminium, and calcium as phos¬ 
phates, and in part the fluorine as cryolite or 
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Hodium silicofluoride). A proportion of the 
ph(jS!phorus peiitoxido content of the crude acid 
iH lost in the precipitate (or must bo ro-proccssed). 
The oonsumjition of filter aid, decolorising car¬ 
bon, and barium carbonate for sulphate removal, 
f/Ogethcr 'wdfli evaporation and operating ex¬ 
pense, has the effect (in rc^gions where the in¬ 
dustrial economy is based on coal) of bringing 
the manufacturing cost to about the h^vel of the 
same salts made with acid from elemental phos¬ 
phorus. Tho acid phosphates used in foodsf ulls 
(cliicfly acid calcium orthophosphate and acid 
sodium pyrophosphate) cannot be manufactured 
directly from crude w'et-pro(?eHH acid, and there 
is no economical w ay of removing the impurities 
(particularly iron, aluminium, and fluorine) 
from the acid or acid salts, if the phosphate ore 
contains substantial percentages of these 
elements. 

Details of process and ])lant for making phos¬ 
phoric acid by continuous-flow^ “ wet processes ” 


vary somewhat, but it does not appear that the 
cost and (piality are much affected by differences 
in j»rcsent-day operation. The application of the 
JXuT system of continuous countercurrent 
decantation to the separation of gypsum from 
the phosphoric acid w’as a marked adcance over 
primitive batch drainers or filter presses ; it pro¬ 
duced phos])horic acid at about 20-24% of 
PgOg, wdth good extraction cflicicncy, and has 
been widely used for large-scale manufacture. 
More recently the size of plant required for a 
given output has been reduced, and the con¬ 
centration of the acid obtained w ithout evapora¬ 
tion has been improved somewdiat, by the intro- 
du(;tion of the Dorr “ strong-acid ” process 
(U.S.P. 2049032, 193()). The numerous decanta¬ 
tion tanks and thickeners of the older process are 
replaced by two rotary filters and an inter¬ 
mediate re-slurrying tank; aciid of concentra¬ 
tion about 30% P^Og is produced before 
evai)oration. 



Fig. 3. 


A type of filter originally designed specifically 
for phosphoric acid manufacture is the Lands- 
krona belt, developed and used in the super¬ 
phosphate factory at Landskrona, in Sweden. 
This filter, which is now in use in several 
countries, is described in B.P. 418075, 1934, and 
457320, 1930 (both to Aktiebolaget ICemiska 
Patenter); improvements in detail have since 
been incorporated as a result of operating 
experience. 

The following brief account describes one form 
of modern practice in the production of phos¬ 
phoric acid by the “ wet process ” or “ sulphuric 
acid process.” The plant arrangement is indi¬ 
cated diagrammatically in Fig. 3. Phosphate 
ore of almost any origin can be used. The ore 
is ground so that 90% passes 100 mesh, and is 
fed by a screw into vessel a, where it is mixed 
with dilute phosphoric acid derived from the 
filter, iittle reaction occurs in this vessel, its 
main purpose being to provide a suitable slurry 


to which sulphuric acid can be added without 
unduly violent reaction or excessive frothing. 
Frothing occurs with ores containing a propor¬ 
tion of carbonate ; its extent is a function also 
of the organic matter content of the ore, and is 
most marked with African phosphates. 33ie 
slurry from vessel a overflows continuously into 
a second mixing vessel n w'hero sulphuric acid at 
()5% HgSO^ is added. The heat of reaction 
maintains the temperature here at 80'"o. The 
slurry flows through two further stirred vessels o 
and D from which it is pumped on to the belt 
filter. The volume of slurry contained in these 
vessels is so related to the through-put as to 
allow a reaction time of eight hours, which 
extracts about 97-98% of the P2O5. Usually 
about one-quarter of the fluorine vaporises as 
hydrogen fluoride and silicon tetrafluoride from 
the reaction vessels. The filter cloth is carried 
on a thick endless rubber belt constructed in the 
form of a shallow trough (Fig. 4), ribbed and 
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perforated for liquor flow. The belt runs over 
cast iron or rubber-lined drums at both ends 
of the filter. Approximate dimensions and 
operating data for a filter with a capacity of 50 
tons of acid per 24 hours (at a concentration of 
25-28% of P 2 O 5 ) are: filtration area 3 sq. m.; 
belt width 1 m.; diameter of pulleys 1 m.; belt 
speed 0*5-1 m. per min.; thickness of gypsum 
cake, up to 10 cm.; suction is maintained in the 
suction boxes at about 20 in.; temperature of 
acid slurry at the feed end of the belt, 00-70°o. 
The washed gypsum falling off tlie belt carries 
40-50% of water. The filter cloth is of wool, 
and is stretched over the rubber bolt, but is not 
attached to it. The life of a woollen filter cloth 
is about 100 hours; 2 hours is required for 
replacement. The best material for the belt is 
natural rubber, and the life is several years. 
The suction box (fabricated from mol 3 ’^bdenum- 
bearing stainless steel or rubber covered steel) 
is divided into three sections, giving three zones 
of action on the belt. In the first zone the hot 
slurry is pumped on to the belt, the excess flow¬ 
ing back over a w eir and returning to the vessel d 
and circulating system. The gypsum cake forms 
at a thickness (4 in. is usual) controlled by a 
shutter. The filtrate from this section is the 
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process product. By carrying the filter on a 
platform, a barometric leg is inserted between 
the suction box and the tanks which receive 
liquor from the three sections of the box. The 
second zone is Rpra 3 >'ed with weak acid derived 
from the third section, and the filtrate from this 
section is returned to the first mixing vessel A. 
The third zone is sprayed with water, the filtrate 
carrying about 4% of P 2 O 5 . The concentration 
of the finished product from the belt is in 
practice sensitive to the quality of the phosphate 
ore, phosphate with 35% of P 2 O 5 giving acid at 
26-28% P 2 O 5 , whereas with phosphate at 32% 
PgOg the acid concentration drops to 23-24% 
of P 2 O 5 . 

The mixing vessels, provided with powerful 
agitating paddles and internal baffles to improve 
the turbulence, are constructed of lead-lined 
wood or homogeneously lead-lined steel. An 
excess of sulphuric acid is used in the process, so 
that the recirculated phosphoric acid returned 
from the second zone of the filter to vessel a 
maintains there a small free sulphuric acid con¬ 
centration ; in the other mixing vessels there is 
rather more free sulphuric acid. When the 
plant is working without interruption, the lead 
linings are fairly effectively protected by a film 
of lead sulphate. 

The operating conditions throughout the pro¬ 
cess are controlled to ensure the highest efficiency 


of filtration and washing. Details of filtration 
rates and relative quantities of recirculated acid 
and acid finally produced are explained in B.P. 
467163, 1936 (to Aktiebolaget Kemiska Patenter, 
Landskrona). The gypsum is in the form of 
narrow moiioclinic crystals mostly about 30- 
70 p. long, often twinned so that they appear 
“ swallow-tailed ” at one end. It is usual to use 
about 2 % excess sulphuric acid, which is 
advantageous in improving the extraction 
efficiency of phosphorus pontoxide from the ore, 
and in reducing the percentage of calcium in the 
phosphoric acid. The cake on the filter cloth 
is kepi CO veered with liquid at all places except 
over about the second half of the tlurd zone; 
continuous attention is given to see that the 
flow of liquids is not too fast, resulting in flood¬ 
ing over the sides of the belt, nor too slow^ so 
that the cake siuiks dry and cracks. The 
efficiency of the wa.shing is good, and the wet 
cake (discharged from the belt with about 60% 
of solids) carries in soluble form: as little as 1 % 
of tho total phosphorus pentoxido charged to t he 
I process, in addition to tho 2-3% of so-callocl 
[ “ insoluble ” phosphorus pontoxide. Bringing 
into account a loss in grinding of about 1 %, and 
slight losses by leakage of acid liquors, tho over¬ 
all recovery of phosphorus pontoxide is 94-95%. 

Attempts have been made, including the full 
scale, to produce more concentrated acid 
directly from tho filtration stage by working at 
higher temperatures and concentrations, and 
oven by treating the ground ore with sulphuric 
acid in autodaves. Most of tho schemes 
described involve either aiiliydrous calcium sul¬ 
phate or tho hemi-hydrate (B.P. 314976 and 
314977,1930, to Aktiebolaget Kemiska Patenter, 
Landskrona). 

On tho filters, less hydrated forms of calcium 
sulphate than gypsum arc troublesome because 
of rehydration and slow washing. A process has 
been described which involved producing tho 
hemi-hydrate initially, filtering, then con¬ 
verting to di-hydrato and filtering again. 
However, processes not involving the direct 
production of gypsum are not now recom¬ 
mended. A i)ossibIe exception to this generalisa¬ 
tion is a process patented by the Southern Phos¬ 
phate Corporation which is described in a later 
paragraph in connection with the removal of 
impurities from crude phosphoric acid. 

A typical analysis of the crude acid fr om a 
high-grade Florida pebble phosphate is: total 
PaOg 28*0, SO 4 1*8, SiOa 0*35, fe^O^ 0*8, 
AI 2 O 3 1-0, F M, As 0*005, Pb 0*0016, CaO 
0*08%. Tho CaO content is fairly constant if 
the SO 4 is kept steady, but the Fe 203 , AljOg, 
and F vary considerably according to the type 
of ore used. The colour of tho acid is dark 
brown from Florida phosphate, brown from 
Russian and Swedish apatite, and green from 
Moroccan phosphate. The arsenic is derived 
partly from tho ore and partly from the sul¬ 
phuric acid used. Besides the impurities men¬ 
tioned, there are traces of other elements (W. L. 

H. L. Marshall, and K. D. Jacob, Ind. Eng. 
CHem. 1932, 24,1064); in part, these enter with 
the sulphuric acid used, and from the materials 
of construction of the plant. Traces of vana¬ 
dium are present in many phosphate ores, and 
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impart a bright green colour to the crude acid, 
which is not removed by active carbon- Some 
ores, especially those mined in the west of North 
America, contain enough ^ anadium to make its 
elimination from the acid desirable and possibly 
even directly profitable. 

Difficulties which arc encountered in the con¬ 
centration of crude phosphoric acid arise from 
its corrosive nature (much worse than pure phos¬ 
phoric acid at equivalent strength), and on 
evaporation d(^position of scale on the heating 
surface, and evolution of hydrolluoric acid and 
Kili(K)n tetrafluorido. Por some jmrpoaes (‘on- 
centration of the free acid can be avoided, the 
necessary evaporation })eing <lone on the solution 
of a soluble salt of the acid, which is alkaline or 
at worst only wealvly acid. On the other hand, 
evaporative concentration goes some way to¬ 
wards purifying the acid, since miieh of the 
fluorine, somctiniea all of the silica, and most of 
the (‘alciiim, along with some of the sulphate, 
are eliminated. The scale which forms <‘()ntaina 
Ca, Fe, Al, SO^, PO^, and F, but no SiOg. 
For fertiliser purposes, when the removal of im- 
puj-itios during the concentration is of subsidiary 
importance to economy of find and simplicity of 
plant, submerged combustion with stainless steel 
burners is appbcable. An altcrnativo method 
is by blowing hot air or combustion products at 
200-300°c. through a number of nozzles of hard 
lead (or carbon) dipping just below the surface 
of a shallow stream of the acid, in a long trougli- 
shapod enclo.sed chamber, preferably eoii- 
strueted of homogeneously load-lined steel or of 
acid-resisting brick. One of the most resistant 
materials to attack by phosphoric acid is carbon, 
either as hard carbon or as graphite. Tlu' 
porosity difficulty is overcome by imjjregnation 
with acid-resistant thormo-setting resin. Tubes 
and vessels can be made from suidi non-porous 
graphite which have excellent heat conductance, 
and multi-etioet evaporators of normal design 
have become possible. 

Purification of “ Wet-process ” Phos¬ 
phoric Acid. —Several patents describe methods 
of removing or reducing particular impurities. 
U.S.P. 2105100, 1939 (to the Virginia Chemical 
Corporation) gives a method and apparatus for 
reducing the fluorine content to loss than 50 
p.p.m. by blowing superheated steam through a 
carbon or silica diffusion disc submerged in acid 
of not less than 50% P 2 O 5 content. U.S.P. 
1487205, 1925 (to J. N. Carothers and A. B. 
Gerber) proposes the removal of fluorine by addi¬ 
tion of sodium silicate to the crude acid, followed 
by filtration through a sand filter. Vanadium can 
be removed by addition of a soluble ferrocyanide, 
which precipitates some of the iron present along 
with all of the vanadium (U.S.P. 1544911, 1925, 
to F. Laist). Arsenic can be removed as sulphide 
by treatment with hydrogen sulphide or addition 
of a small quantity of sodium sulphide. The 
precipitation is best done at 40-60°c.; excess 
hydrogen sulphide is removed by blowing air or 
inert gas through the liquid, and the arsenic 
sulphide filtered out. 

Other methods involve reduction of the arsenic 
to the elemental condition; it is claimed that this 
can be done by the use of phosphorus hydrides 
(G.P. 413377; B.P. 234122, to E. Merck). 


A i)roccss for making purified phosj^horic acid 
has been described by the Southern Phosphate 
Corporation (B.P. 564574, 1944) which utilises 
sulphuric acid but differs considerably from the 
usual conception of the “ wet process.” It is 
claimed that 95-98% of the fluorine is elimi¬ 
nated, and also the iron and aluminium. Ground 
phosphate ore is mixed with 70% phosphoric 
acid obtained from a later stage in the process, 
the temperature being raised partly by the 
exothermic reaction, partly by external heating, 
to 125°c.; the proportions and time of mixing 
of the ore and phosphoric acid arc such tliat a 
dry solid is obtained with CaO/PgOg in mole¬ 
cular ratio between 1 and 0*5. This mixture is 
then calcined at a temperature between 350'" aTul 
400°o. Fluorine is liberated during all stages of 
the heating. Under these conditions iron and 
aluminium metaphosphates are formed, and are 
not soluble in the next stage of the process ; at 
the same time organic matter is thoroughly 
charred. In the next stage, the calcined product 
is digested with 100 % orthophosphoric acid 
(obtained from a further stage of the process) 
by stirring and heating to ISO^^o. After the acid 
calcium motaphospbato has been dissolved, con¬ 
centrated sulphuric acid equivalent to the cal¬ 
cium is added along with more phosphoric acid 
less concentrated than 100 %, so that the plios- 
phoric acid concentration in the reacting mixture 
is 100 %. A portion of this is taken for recycling, 
the remainder being diluted to about 75% and 
filtered on a rotary filter. It is claimed that the 
calcium sulphate present does not rchydrato 
readily; the iron and aluminium metaphosphates 
are filtered out along with charred organic 
matter, calcium sulphate, and any other in- 
soliiblo materials. The filter cake is then 
washed with water and the resulting dilute 
phosphoric acid is used in earlier stages. The 
patent describes quantitatively various appli¬ 
cations of the principle involved. Except for 
fluorine, no data are given to show the extent of 
elimination of impurities, but the process is such 
that residual quantities of these, and also sul¬ 
phate, should bo much lower than in the usual 
forms of the wet process. It may be noted that 
purification of phosphoric acid from iron and 
aluminium by taking advantage of the insoluble 
character of their metaphosphates after the 
crude acid had been heated between 320° and 
350°o. was originally proposed by W. Gregory 
(Armalen, 1845, 54, 94). 

Apart from the manufacture of acid calcium 
phosphate for inclusion in foodstuffs, the most 
important commercial use of purified phos¬ 
phoric acid is in the production of mono-, di-, 
and tri-sodium orthophosphates, and also mota-, 
pyro-, and poly-phosphates obtained by elimina¬ 
tion of the elements of water from anhydrous 
mono-, di-, or mixed mono- and di-orthophos- 
phatos of sodium. Pure monosodium phosphate 
occupies a* key position in this group of sodium 
compounds, since all the others can be easily 
obtained from it by thermal treatment alone or 
by addition of sodium carbonate and caustic 
soda followed by thermal treatment if required. 
It is fortunate therefore that monosodium ortho¬ 
phosphate readily yields good crops of clean 
crystals. An interesting example wMch includes 
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utilisation of this circnimstance is described in 
U.S.P. 1961127, 1934 (to The Warner Chemical 
Co.), concerned with the manufacture of di¬ 
sodium phosphate. The process starts with 
ground phosphate rock, which is decomposed by 
a deficiency of dilute sulphuric acid and filtered, 
so that about one-quarter of the phosphate is in 
solution as acid calcium phosphate, the remainder 
as free phosphoric acid. Sodium sulphate just 
in excess of the calcium present is added, and 
after filtration of gypsum together with a little 
sodium fluosilic'ato, soda ash is added to form a 
solution of monosodium phosphate. At this 
stage a largo precipitate forms containing iron 
and aluminium phosphate, together with some 
fluorine as either crj^olite or additional sodium 
fluosilicate; it is claimed that recovery of the 
phosphate value from this precipitate is more 
economical than from the corresponding precipi¬ 
tate in the ordinary “ wet process.” The hot 
clear filtrate is crystallised and evaporated as 
necessary to give successive croi)s of mono¬ 
sodium phosphate; ultimate niother-Hquor con¬ 
taining some accumulated .sodium sulphate or 
acid calcium phosphate is returned to the pro¬ 
cess at the stage where calcium sulphate is pre¬ 
cipitated. It is claimed that the mother-liquors 
do not contain impurities which interfere with 
the purity of the crops of monosodium phos- 
I)hate, except that occasional purging of sodium 
chloride accumulation may be necessary. It 
should be remarked, however, that arsenic must 
bo separately removed if its presence is un¬ 
desirable, and that residual fluorine in the 
monosodium phosphate solution will be distri¬ 
buted between the crops and their mother- 
liqnors rather everdy. It is probable that most 
manufacturers who crystallise monosodiiun 
phosphate as a pure chemical, dispose of the 
mother-liquors by conversion to di- or tri¬ 
sodium phosphate for detergent purposes, 
whereby some further precipitation of im¬ 
purities is possible. 

The manufacture of sodium phosphates from 
“ wet-process ” phosi)horic acid is an important 
section of the phosphate industry. Detailed in¬ 
formation is not generally accessible concerning 
the methods currently used by different manu¬ 
facturers for removing the bases introduced 
along with the acid. When sodium carbonate 
is progressively added to the crude acid, a series 
of consecutive precipitation and re-solution 
reactions occur. From pH 1-2 ferric iron is 
precipitated as FePO^ until the pH has been 
increased to 2 - 2 , after which hydrolysis to 
hydrated ferric oxide, accompanied by re¬ 
solution of the phosphate amon, begins, and is 
complete at about pjft 9. Amminium is precipi¬ 
tated as AIPO 4 from pH 2*7 and re-solution of 
the phosphate anion occurs from pH 3*7 up¬ 
wards. At much higher pH values, certainly 
above 8 , the acidity of hydrated aluminium 
oxide causes re-solution of aluminium also. 
Precipitation of calcium and magnesium phos¬ 
phates begins below pH 6-8 and 7*5, respectively. 
Little re-solution of phosphate anions from the 
calcium phosphate occurs below pH 11, but 
there is rapid passage of phosphate into solution 
from magnesium phosphate above pH 10*6. 
Reference may be made to a study of the solu¬ 


bility et|uilibria involved (w'ith special reference 
to the fate of phosphate in the soil) published in 
1930 by T. Gaarder, “ Dio Bindung der Phos- 
phorsaiiro im Erdbodon,” in Moddelolsor fra 
Vestlandcts Forstlige Forsoksstation, Vol. 4, 
Part 4 (Bcrg(5n). 

Uses. —Phosphoric acid made by the “wet 
process ” is niaiiily u«€id in the manufacture of 
double or triple superphosphate or other phos¬ 
phate fertilisers. In addition a (;onsidcral)le 
amount is consumed in the production of deter¬ 
gent phos})hates. The stronger acid obtained by 
burning phosphorus is also iisod for making very 
concentrated phosphate fertilisers, in regioiis 
wh(5ro the cost of transport to the eonsiimcr is 
an important item and the cost of electric^ power 
is Hufiieiently low. 

Outside the fertiliser field, by far the greater 
part of the phosphoric acid made is converted 
to acid calcium phosphate and acid sodium 
pyrophosphate of foodstuff quality; the group 
of sodium phoBjihates used for detergent pur¬ 
poses and water treatment; ammonium phos¬ 
phates, for yeast food and fireproofing ; di- 
cal(‘inm phosphate and calcium hydroxy- 
phosphate. Dthcr appheations include pickling 
of steel; manufacture of acid manganese and 
acid zinc phosphates for rust-proofing; yeast, 
penicillin, and other fermentation processes; 
gelatin and sugar manufacture; tonic medicines 
and phosphate drinks ; activated carbon manu¬ 
facture ; textile dyeing; removal of milk-stone 
from dairy equipment. Frequent proposals in 
patent literature and otherwise are made for 
the use of phosphoric acid in preparing silage; 
in electrolytic metal polisliing; as a catalyst for 
condensation and polymerisation reactions ; for 
latex coagulation. 

IV. RED THOSPHORUS. 

The discovery of red phosphorus is generally 
credited to A. 8chr6tter, the first investigator to 
demonstrate experimentally the allotropic rela¬ 
tion of red to wdiito phosphorus (iSitznngsber. 
Akad. Wiss. Wien, 1848,1, 130). J. J. Berzelius 
(1843) suggested, but without pr6of, that the 
red substance produced by sunlight acting on 
white phosphorus is merely another form of 
phosphorus. The historical point, over which 
there was some controversy, was dis(;ussod by 
J. Nickl^s (Compt. rend. 1856, 42, 646) and by 
M. Kohn (J. Ohem. Educ. 1944, 21, 522). 

Physical Properties. —The allotropic rela¬ 
tion of red to other forms of phosphorus has 
already been discussed in part (v. Allotropic 
Forms, p. 483c). The phase equilibrium dia¬ 
gram of white and red phosi)horus is illustrated 
8 (;hematically in Fig. 6. 

Curve EC is the vapour-pressure curve of solid 
red phosphorus, ending at c in the triple point 
(590^^0.; 43 atm.) at which red phosphorus melts 
to a yellow liquid. To the right of 0 lies the 
vapour-pressure curve of molten red phos¬ 
phorus, which has been followed up to 634°c., 
59 atm. The vapour-pressure curve of the liquid 
has been followed down to 504°o., 23 atm., the 
section oz' representing this supercooled liquid 
in equilibrium with phosphorus vapour and 
metastable with respect to red phosphorus. 
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The moat reliable vapour-pressure meaeurements 
on rod phosphorus are probably those of A. Smits 
and S. C. Bokhorst (Z. physikal. Chem. 1910, 91, 
249) who found for solid red phosphorus 

logic V (mm.)- d,0G7-7/r-[ 11 -0844 

wl> ere 053 803. 

Por molten red jdtosphorus (identical with 
molieji white ])hosphoriis) the vapoiir-prosKurc 
formula already given {v. supra) supersedes that 
of A. Smits and S. (!. Bokhorst, and covers a 
greater temperature range. 

The curve BZ is the vaj>our-i)reHsure curve of 
molten white phosphorus, which has been 
mcasunai froiu tbe meltiiig-point of white phos¬ 
phorus (44-25'^’c., 0T81 mm.) up to about 400\;.; 
a practical limit to the possibility of measure¬ 
ment be^^ond this poird is set by the increasing 
rapidity of tbe change from white to red phos¬ 
phorus. The section zz' is hypothetical—there 
is here a gaj) of about 100'^ in which no e(]uili- 
brium pressure has been measured. Careful 
study of the sections liz and z/cD leads to the 
conclusion that they are in all probability parts 
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of a single vapour-pressure curve, that of molten 
red phosphorus, so that molten white phos¬ 
phorus is to be considered as being also super- 
(!Ooied red phosphorus. The equation of this 
curve has already been given {v. White Phos¬ 
phorus, p. 480a). The critical temperature and 
pressure which terminate the curve od lie in the 
region of 700‘^c. and 82 atm., respectively. It 
was realised, long before the results of A-ray 
investigations of the structure of red phosi)horua 
were available, that the slow transformation of 
white to red phosphorus, the physical properties 
of the latter, and the identity of the vapour in 
equilibrium with white or red phosphorus, were 
most readily intelligible on the supposition that 
red phosphorus is a higlily polymerised form. 

Curve BA is the vapour-pressure curve of solid 
white phosphorus (cubic;) down to the transition 
temperature at --77° where change to the 
hexagonal variety occurs. The steep curves aa' 
and bb' represent the effect of pressure on the 
transition temperature and the melting-point, 
respectively. \b is the vapour-pressure curve 
of liquid white phosphorus, hero supercooled 
with respect to both cubic white phosphorus 
and red phosphorus, and xa is the vapour- 
VoL. IX.~32 


i pressure curve of hexagonal white phosphorus, 
cc' represents the effect of pressure upon the 
melting-point of rod phosphorus. 

The more important oxj)orimental studios of 
the equilibrium behaviour of phosphorus at 
high temperature are by the following authors: 
W. llittorf (Pogg. Annalen, 1805, 126, 193); 
L. Troost and P. Hautcfcuillo (Ann. Chim. 
Phys. 1874, [v], 2, 145); P. Jolibois (Compt. 
rend. 1909, 149, 287 ; 1910, 151, 382); A. Smits 
and S. C. Bokhorst (Z. physikal. Chem. 1910, 
91, 249); W. Marckwald and K. Helmholtz (Z. 
atiorg. Chem. 1922, 124, 81); 1). L. Chapman 
(J.C.S. 1899, 75, 734); A. Stock and F. Gomolka 
(Ber. 1909, 42, 4510); A. Stock and E. Stamm 
{ihid. 1913, 46, 3497); W. A. Wahl (Meddelan- 
den frail Finska Kemist-Samfundet, 1913, p. 3). 

Heat Capacity of Red Phosphorus .—J'^or the 
mean atomic heat Gp from 22 to 300°c. and to 
500°o., respectively, the values 0*01 and 0-82 
g.-cal. per °c. are givtm by O. Kubaschowski and 
C. Schrag (Z. Elektrocliem. 1940, 46, 075). 
From 15 to 98°c., V. Regnault (Arm. Chim. 
Phys. 1853, [iii], 38, 129) found 5*27. Somewhat 
inconsistent with those values are measurements 
by A. Wigand (Ann. Physik, 1907, [iv], 22, 04) 
in tlie temperature range 0-199°c. Measure¬ 
ments in the temperature range —252*75® to 
—195*7°0. gave Cp—1*34±0*04 g.-cal. jter °c. 
(d. Dewar, Proc. Roy. Soc. 1913, A, 89, 158). 

in contrast to these equilibrium studies, a 
kinetic study of the vai)ori8ation and con¬ 
densation of rod phosphorus has boon made by 
H. W. Melville and S. C. Gray (Trans. Faraday 
Soc. 1936, 32, 271, 1020). Although there are 
unfortunately obstacles to accepting fully the 
authors’ quantitative results, those experiments 
in the low-pressure range provide stimulating 
insight into the kinetic chemical behaviour of the 
spe(;ies and its relation to red phosphorus. 
It is concluded inter alia that red phosphorus 
dopolymcrises directly to Pg, and that Pg 
molecules strildng a surface of cold rod phos¬ 
phorus combine with it to form more red 
phosphorus. 

Manufacture. —The change, on heating, of 
white phosphorus into red is greatly accelerated 
by addition of small quantities of certain sub¬ 
stances, notably phosphorus di-iotUdo, sulphur, 
seleniura, or sodium. In practice, however, it 
is not an advantage to use any catalyst. Al¬ 
though the literature contains a considerable 
volume of discussion of this allotropic (change, 
neither the catalysed nor the uncatalysed re¬ 
action is understood from the mechanistic view¬ 
point. The visible phenomena are clearly 
described in the following quotation from T. W. 
DeWitt and Sol Skolnik (“ Conversion of Liquid 
White Phosphorus to Red Phosphorus. I. 
Kinetics of the Reaction,” J. Arner. Chem. Soc. 
1946, 68, 2305). 

“ There are several qualitative aspects of the 
conversion of liquid white phosphorus to red 
phosphorus that are informative. The reaction 
mixture remains fluid until about 50% conver¬ 
sion is reached. On further reaction the mixture 
rapidly becomes viscous, passes through a plastic 
or mud-like stage, and finally solidifies. Below 
60% conversion the reaction mixture contains 
suspended particles of red phosphorus large 
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enough to settle rather ranidly on standing. 
Even at 6 - 10 % conversion, many of the particles 
have diameters of 20-30 microns. Apparently 
these particles of red phosphorus grow both in 
size and number until, in the region of 50% con¬ 
version, they begin to touch one another and 
grow together to form an interlocking mass. 
When it is considered that uniform touching 
spheres with cubic packing have about 50% free 
volume and that the density of red phosphorus 
is only about 20 % greater than that of white 
phospJiorus, it is quite understandable that, in 
the neighbourhood of 50% conversion, further 
growth of the particles requires that they groAv 
into one another to form a more or less rigid 
structure. The appearance of large particles, 
even in the early stages of the reaction, is an im¬ 
portant fact for which any postulated mechan¬ 
ism must account.” 

A similar description is given by Sclirotter 
himself in his original communication in 1848. 

The more important physicochemical facts 
relevant to manufacture are these: the forma¬ 
tion of red phosphorus is exothe^rmic by approxi¬ 
mately 10 kg.-cal. per g.-mol. of P^, whilst the 
latent heat of vaporisation of white phosphorus is 
approximately 10 kg.-cal. per g.-inol. of P 4 at 
the boiling-point (28()®c.). The imcatalyscd re¬ 
action is kinoticaily hrst-order with respect to 
white phosphorus, the rate-controlling step 
being unintluenced by the presence of rod phos- 
])liorus or oven by nuclei of the nascent red-phos- 
I)horus phase at any stage of the conver¬ 
sion. The first-order velocity constant is 
A'-(4T7x 10’^) exp. (—37,800/117’) in reciprocal 
minutes (T. W. DeWitt and Sol Skolnik, lx.). 

A hatch conversion process has been widely 
used because of the simple and robust nature of 
the plant required. The actual conversion is 
done in a cast-iron or steel pot liolding a 1 -ton 
charge of phosphorus. Molten phosphorus is 
run in from a storage tank, under a shallow 
layer of water which later distils out. The pot 
is closed by a well-fitting lid luted and clamped 
down. The lid is provided with a vapour escape 
j)ipo sealed under water, and with thermocouple 
pockets. The pot, surrounded by a bric^k setting, 
is heated externally gas or electricity in 
accordance with a definite schedule of time and 
temperature. Careful control of the heat input 
is essential, particularly when the heat of 
reaction begins to increase the rate of rise of 
temperature, to avoid vaporising out of the pot 
an unnecessary amount of phosphorus. The 
need for caution during the active stages of the 
conversion is evident from the data given above, 
f^or example, suppose that the phosphorus is 
60% converted and the temperature is 280°c. 
The mass has become semi-rigid. From the 
velocity constant it is seen that the remaining 
40% of white phosphorus is changing at the 
rate of about 2 mg. per minute for each g. of 
total phosphorus present. The specific heat of 1 
the phosphorus mixture is 0 - 2 , so that the | 
reaction is producing enough heat to raise the | 
temperature about Fc. per minute and if the 
temperature does rise, the whole process will 
accelerate because of the considerable tempera¬ 
ture coefficient of the reaction. Violent eruption 
of vapour breaking through the solid mass is a 


likely consequence. Provided that the con¬ 
version speed does not get out of control, a 
short reflux condenser attached to tho escape 
pipe will return most of the vaporised phosphorus 
to the pot. When the conversion is complete, 
or nearly so, the external heating is increased so 
that tho temperature of the rod phosphorus is 
held for some hours somewhat below the tem¬ 
perature (420^0.) at which tho vapour pressure 
of red phosphorus reaches 1 atm. 

When cold, the pot contains a hard and rather 
brittle mass of darlc red to violet phosphorus, 
which is 8 wam])ed with water and cut out. 
This mass exhibits no 'vdsible crystalline cha¬ 
racter when broken, and the contrast in this 
respect with a fra(*turo surface of white phos- 
phonis is probably the reason for tljc com¬ 
mercial name “ amorphous phosphorus ” which 
is still common in English-speaking countries. 
At this stage tho product still contains traces of 
white phosjffioriis, and is liable to ignite spon¬ 
taneously. It is ground wet, and boihid with 
sodium carbonate solution until all white phos¬ 
phorus is destroyed. Tho red phosphorus is 
then sieved wet (the oversize material being re- 
ground), filtered and washed on a rotary filter, 
and dried in va(;uum. The dry cake is brushed 
through a sieve and packed into tins or steel 
drums. 

A process employing gas-licaled ball-mill con¬ 
verters was used by the l.G. Farhenindustrio at 
Bitterfold in Germany up to 1945 (B.l.O.S. 
Report No. 562 (Item 22) gives a dtdailed 
description). A batch of phosphorus was 
4,000 kg., and tho cycle of operations required 

3 days. Steel balls of 10, 12 , and 14 cm. dui- 
metor were used; mill r.p.m. 14. Before 
charging with white phospliorns, air is displaced 
from the mill by inert gas. Tho mill is connected 
to a water seal until the white phosphorus has 
been at 180-190'^c. for 2 hours, to dry out any 
water present. It is then closed completely, and 
tho phosphorus temperature raised in a further 
20 hours to 270^c. Thereafter the exothermic 
reaction raises the temperature during a further 

4 hours to 290''o., the internal pressure rising to 
2 or 3 atm. When the exothermic stage is 
finished, heating is recommenced, and the tem¬ 
perature taken up to 360'^c. for 5 hours. The red 
phosphorus contains less than 0 * 1 % of white 
phosphorus, which is removed by boiHng with 
dilute caustic soda solution. An earlier descrip¬ 
tion of a conversion process, based on a gas- 
heated ball-mill with iron or porcelain balls, is 
given in Russ. P. 36829, 1934 (to M. J). Scnilov 
and A. A. Shalabanov). 

The chief advantage that ball-mill processes 
have over the older procedure of heating a 
stationary charge of phosphorus, lies in the 
avoidance of the unpleasant operation of cutting 
and digging the hard mass of red phosphorus out 
of tho pot. Another process has been patented 
which also avoids the cutting-out operation 
(U.S.P. 2397951, T. W, DeWitt, to the Tennessee 
Valley Authority, 1946). In this process, con¬ 
version to red phosjjhorus is continued only to a 
stage (about 60%) at which the substance is still 
liquid enough to be pumped. The removal of 
the unconverted phosphorus is effected by distil¬ 
lation in vacuum or in an inert gas, the still pot 
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being equipped with an agitator. Removal of a 
proportion of the unconverted phosphorus, by 
allowing the red phosphorus to separate as far 
as it will by sedimentation, is also recom¬ 
mended. 

It is desirable to have the red phosphorus as 
stable as possible in respect of its tendency to 
ignite when accidentally struck or rubbed, and 
tendency to oxidise slowly to acidic products. 
Adequate heating during the conversion and 
complete elimination of white phosphorus are 
first essentials, but artificial stabilisation is 
possible. U.S.P. 235924:{ (to Oldbury Electro¬ 
chemical Co., 1944) describes an effective method 
which consists in suspending the red phosphorus 
(ground to pass 100 mesh) in a 1% solution of 
alkali-metal aluminatc, and aerating the suspen¬ 
sion, preferably at 80-90°c., for several hours. 
It is possible that the more readily oxidisable 
particles of red phosphorus (or localised spots of 
high activity on the surface of particles) begin 
to oxidise, become locally acid, and precipitate 
a protective layer of alumina. Traces of some 
metals of variable valency increase the liability 
to oxidation. Rod i)hosphorus made in Germany 
was stabilised by precipitation of approximately 
1 % of magnesium oxide (from magnesium 
chloride solution and sodium hydroxide) before 
washing and drying, (Commercial red phos¬ 
phorus which has not been stabilised sometimes 
oxidises rapidly in warm air of high humidity. 

V. PHOSPHORUS AS AN INDUSTRIAL 
HAZARD. 

The following dangers arise from the use of 
phosphorus in industry; 

(i) The Poisonous Properties of the 
Vapour.—Prolonged inhaling of vapours from 
white phosphorus (probably phosphorous oxide 
vapour) gives rise to necrosis of the jaw—the 
notorious “ phossy-jaw,” which was so well 
known during the nineteenth century but is 
practically unknown now that phosphorus sesqui- 
sulj)hide is used in the manufacture of matches 
and the use of w^hite phosphorus for that pur¬ 
pose is prohibited. 

(ii) The Poisonous Properties of the 
Solid. —Solid white phosphorus is poisonous 
when taken internally, and is widely used in rat 
and vermin poisons, which normally contain 
1-4% of phosphorus. 

The toxic dose depends upon the personal 
peculiarities of the individual and upon the 
physical state of the phosphorus, which governs 
the rate of absorption. Recovery bas occurred 
after the taldng of about 400 mg. but in general 
a dose of 60 mg. or above is liable to be fatal. 

The symptoms are due to two causes, irritation 
of the gastro-intestinal tract and the slower 
action of the absorbed poisons. The former 
causes abdominal pain, nausea, vomiting, and 
diarrhoea, which develop during the first few 
hours. Thirst is intense and the breath has a 
garlic-like odour. If the shock of the first few 
hours is withstood then follow two or three days 
of comparative well-being before the absorbed 
poisona oome into fiill action. This action causes 
further vomiting and diarrhoea, often nose- 
bleeding, headache, weakness, and enlargement 


of the liver. The patient usually dies about a 
week after taking the poison. 

Quick treatment is very desirable because of 
the speed with which phosphorus is absorbed 
through the gastro-intestinal tract. A simple 
treatment is to give the patient 0-26 g. of copper 
sulphate in a glass of water; this coats the phos¬ 
phorus with copper or copper phosphide. 
Gastric lavage should also be performed as early 
as is po.ssible, followed by Epsom salts. Subse¬ 
quent treatment includes a diet high in protein 
and carbohydrate but low in fat, accompanied 
by injection of grapo sugar and insulin, l^argc 
(loses of ascorbic acid, thiamine, and calcium 
gluconate are also said to bo valuable. 

(iii) Spontaneous Combustion. —White 
phosphorus will ignite spontaneously in air un¬ 
less its surface is kept wet. Phosphorus alone is 
a very inelToctive incendiary, since its flame will 
not normally ignite wood and similar materials; 
this is to a large extent due to the production of 
phosphoric acid when it burns in moist air; this 
gives a fireproof coating on anything touched 
by the flame. On the other haml, a phosphorus 
flame will immediately ignite readily combustible 
materials such as petrol, paper, or celluloid. 

(iv) Burns. —These are caused when phos¬ 
phorus burns in contact with the skin. They 
heal more slowly and suppurate more easily 
than ordinary heat burns. The treatment is as 
follows: 

1 . Wash the burn immediately and very 

thoroughly with sodium carbonate solu¬ 
tion (2 tablespoonsful to a pint of water). 
This neutralises phosphoric acid, (^tc., 
formed during the burning. Whilst the 
burned area is still wet pick off any 
visible white phosphorus (often this can 
best be seen in the dark). 

2. Wash with copper sulphate solution (1 

heaped teaspoonful to a pint of water). 
Remove any dark-coloured deposit with 
forceps. The copper sulphate combines 
with or coats any free phosphorus and 
prevents further burning. 

3. Wash with water containing a weak anti¬ 

septic such as boracic acid. 

4. Now treat as a normal burn. 

The use of ultra-violet light on the burn is 
beneficial. The healing period is usually about 
three to four weeks. 

VI. OXIDES OF PHOSPHORUS. 

Throe well-defined oxides exists : phosphorus 
pentoxido or phosphoric anhydride, P 4 O 10 ; 
phosphorus trioxide, or phosphorous oxide, 
P^Og; and an oxide intermediate between these 
two in state of oxidation, phosphorus tetroxide, 
(POaln- 

Phosphorus Pentoxide .—The familiar white 
powder is made by burning phosphorus in a 
stream of dried air. Using a steady feed of 
molten phosphorus, a controlled excess of air, 
and a correctly designed burner large enough to 
allow adequate time for completion of reaction 
before the gases are cooled, phosphorus pent- 
oxide is obtained so free from lower oxides that ^ 
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it will not decolorise dilute permanganate solu¬ 
tion even after standing for hours. The gaseous 
combustion products are chilled by injecting 
them into a large chamber, air- or water-cooled 
externally, where rajhd mixing with cold gas 
causes condensation. The appearance inside 
such a chamber, ilhimined by light from the 
phosphorus burner, resembles a snowstorm. 
This white powder consists predominantly of 
the most volatile of the three crystalline modili- 
cations described Ik'.Iow'. Usually it is so finely 
divided that its crystalline character is not 
visible; if the condensation is allowed to take 
})laco in a chamber maintained externally at 
170-200°c. a denser and more obviously crystal¬ 
line product is obtained, wdncli, however, differs 
only in habit. 

Phosphorus PetUoxide Vapour ,—This consists 
predominantly of ^4^10 molecules, as appears 
from vapour density measurements (V’^ietor 
Meyer method) by W. A. Tilden and R. K. 
Barnett (J.C.S. 1890. 69, 154), by C. A. West 
{ibid. 1902, 81, 928) up to l,400"c., and by E. V. 
Britzko and K. Hoffmann (Monatsh. 1938, 71, 
317) up to l,l00"c:. Both the vapour density 
and the heat capacity of the vapour suggest that 
appreciable association occurs at least below 
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l,100"c. The heat capacity Cp expressed per 
g.-mol. of P 4 O 10 is 73-0:.t2-0 g.-cal. per g.-mol. 
per °c., and remains constant over the range 
300-1,100°c. (M. Frandsen, Bur. Stand. J. Res. 
1933, 10, 35). 

The structure of the isolated P 4 OJQ molecule 
has been worked out by G. 0. Hampson and 
A. J. Stosick (J. Amor. Chera. Soc. 1938, 60, 
1814). The structure consistent with their 
electron diffraction measurements is shown in 
Pig. 6 , drawn from a photograph of a model in 
in the paper referred to. The P atoms form a 
regular tetrahedron, each having one closely 
bound O atom which is not otherwise attached. 
Each of the remaining six O atoms is attached to 
two P atoms, so that the formula may be written 

Polymorphism of Phosphorus Pentoxide ,—-The 
most recent studios of this problem are by W. L. 
Hill, G. T. P’aust, and S. B. Hendricks {ibid. 
1943, 65, 794) employing optical and X-ray 
methods; H. C. J. do Decker and 0. H. 
MacGillavry (Rec. trav. chim. 1941, 60, 163) 
and H. C. J. de Decker {ibid., p. 413) employing 
X-ray methods; and J. C. Southard and R. A. 
Nelson (J. Amer. Chem. Soc. 1937, 59, 911) and 

A. Smits, E. P. S. Parvd, P. G. Meerman, and 
H. C. J. de Docker (Z. physikal. Chem. 1940, 

B, 46, 43) by vapour-pressure measurements. 
Extensive earlier work, particularly on the 


pressure-temperature relations, is referred to in 
these papers. 

Three crystalline modifications have been 
studied: hexagonal^ m.p. 420°c., the triple-point 
pressure being 3,000 mm. (This melting-point 
can be realised only by very quick heating 
because of the instability of the hexagonal form, 
which polymerises rather rapidly when heated; 
the lifjuid polyjuerises and quickly solidifies to a 
mixture of crystals of the orthorhombic form 
with some glass.) Density^ 2-3. 11 eat capacity, 
CV-{22-17+0-07804i-(845x ]0-^)f^}±l'0 g.- 

cal. per g.-mol. of P 2 O 5 per '’c. for 25“^f'c. 
^350" (M. Frandsen, ?.c.). Because of probable 
partial conversion of hexagonal to orthorhombic, 
this formula may give values slightly too high 
above 250°c. Vapour-pressure foi’inula log^o p 
(mm.)~ 10-792—5,000/7\ giving 760 mm. at T 
=632"k., and a latent hcaf of sublimation of 
22,800 g.-cal. per g.-mol. of P 4 O 1 Q. X-Ray 
diffraction established the fact that this form is 
a molecular lattice of individual molecules of 
P 4 O 10 , having the same structure as in the 
vapour. The crystals are soft. 

Although the hexagonal form is stable in¬ 
definitely at room temperature, on heating it 
changes to the orthorhombic form. The change 
requires about two months at 180°C., but may 
be complete in a few hours at 250”o. The speed 
of the transformation is apparently very sonai- 
tive tt) conditions which have not yet been 
ascertained, and widely differing qualiiative 
observations appear in the literature. The 
vapour pressure of orthorhombic phosphorus 
pentoxide is much smaller than that of the 
hexagonal form: log^oP (mm.)-- 12*113—7,930/T, 
giving 36,400 g.-cal. per g.-mol. of P 4 O 1 Q lor the 
latent heat of sublimation. The melting-point 
lies between and 570'^c.; the vapour pres¬ 
sure at the melting-point is about 400 mm. The 
fusion process is considered to bo abnoi mally 
slow at this melting-point. Rapid fusion occurs 
at 571V., and the suggestion is made (W. L. 
Hill, G. T. Faust, and 8 . B. Hendricks, l.c.) that 
both melting-points are metastablo triple¬ 
points, and that the two liquid phasfes are 
structurally different. The crystal structure of 
orthorhombic phosjffiorus pentoxide shows that 
this modification is an infinite sheet polymer 
built up of PO 4 tetrahedral groups, three of the 
O atoms being shared with neighbouring P 
atoms, the fourth being linked to a single P 
atom. The atomic spacings are close to those 
of the P 4 O 1 Q molecule. The crystals are hard 
and brittle, as is to bo expected from the 
structure. 

The third crystalline modification (possibly 
tetragonal) is thermodynamically the most 
stable, at least in the temperature range from 
70°c. up to its melting-point at SSOVb^c., where 
the triple-point pressure is 550 mm. This stable 
modification is prepared by heating either of the 
other forms to 450°c. for 24 hours, whereby a 
horny mass of aggregated and twinned crystals 
is obtained. Its fusion is a slow process, and 
superheating of the crystals readily occurs ; the 
melt is a very viscous fluid. The superheating 
phenomenon was reported by A. Smits and 
H. W. Deinum (Proc. Acad. Sci. Amsterdam, 
1930, 83, 514) and by W. L. HiU, G. T. Faust, 
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and S. B. Hendricks (l.c.). The (hmity cal¬ 
culated from the indic?ea of refraction is 2*89. 
This is in agreement with the conclusion from 
directly measured (but not very concordant) 
values of various authors which make this the 
densest form. The vapour pressure of a liigh- 
temporature form of phosphorus pentoxido was 
measured by A. Smits, with H. W. Deinum 
(Z. physikal. Chom. 1930, A, 149, 337), under 
experimental conditions which make it lilicly 
that they were dealing with the tetragonal 
modification, and with the licjuid phase obtained 
by its fusion; the observations on the molten 
state extend some distance into the region of 
supercooling. Their data for the solid phase are 
consistent with logjg p (mm.) = l 1-4G64—7,437/T, 
from T-^ldS^K. up to the melting-point, at 
7^-— 853°k. The data for the liquid are consistent 
with log^o p (mm.)==7-5492—4,100/T, where 
785 <^T°k.<^ 973. The X-ray structure of the 
stable form of phosphorus pentoxide has not 
been worked out. The high density and the 
mode of cleavage suggest that it is a three- 
dimensional rather than a sheet polymer. 

Besides appearing in the crystalline modi-, 
cations, phosphorus pentoxide has a strong 
tendency to form glasses. 

Nothing is known about the molecular weight 
of the {P 2 ^ 5)11 species actually depolyraerising 
from the polymeric crystalline modifications 
into the vapour. There is no reason to doubt 
that in all cases the vapour rapidly adjusts itself 
to an equilibrium in which the predominant 
species is P 40 i(,. 

Chemical Properties of Phosphorus Pentoxide .— 
In its most characttiristic cai)acity, that of an 
acid anhydride, phosphorus pentoxido reacts 
vigorously with water, forming first a mixture 
of partially hydrated polymeric acids and ulti¬ 
mately H 3 PO.. With metallic oxides or car¬ 
bonates at high temperatures, salts of similar 
acids are formed. With alcohols and ethers 
analogous reactions occur, provided that the 
reactions are controlled by cooling to restrain 
the tendency of the esters to lose the elements 
of water with formation of olefins and phos¬ 
phoric acid. The avidity with which the first 
stage ill the hydration takes place is responsible 
for the common use of phosphorus pentoxide as 
a dehydrating reagent. A variety of ill-defined 
products of the partial reaction of phosphorus 
pentoxido with water may be encountered, 
depending upon whether P 4 O 10 vapour or one ! 
of the crystalline forms is hydrated, and upon 
the amount of water and the degree of cooling. 
Interesting differences in behaviour on hydra¬ 
tion of the non-polymerised and the polymerised 
forms of the oxide have been mentioned from 
time to time, for example by W. L. Hill, G. T. 
Haust, and S. B. Hendricks (l.c.). It may be 
remarked that in industrial practice phosphoric 
acids of definite composition, corresponding to 
(HPOdii, HgP 40 i 3 , H 4 P 2 O 7 , and H 3 PO 4 are 
all made from the oxide under conditions which 
are equivalent to having an excess of water 
vapour present at a controlled temperature and 
partial pressure corresponding to evaporative 
equilibrium for the acid required. 

Phosphorus pentoxide is comparatively readily 
reduced, if the temperature is high enough, by 


elements with a comparable heat of reaction 
with oxygen. Because of the high temperature, 
volatile phosphorus reaction products are usually 
either phosphorus itself or the oxide (P 02 )n* 
With metals, usually a mixture of phosphate 
and phosphide is obtained. 

A few special reactions arc interesting. With 
halogens except fluorine there is no reaction, but 
phosphorus pentoxide heated in fluorine forms 
POF 3 and PFjj (H. Moissan. Bull. Soc. chim, 
1891, [iii], 5, 458). Dry hydrogen fluoride, 
chloride, and bromide react to some extent, pro¬ 
ducing the oxyhalides and metaphosphoric acid. 
The reaction 3PCI,r,-| P2O5 ~ 5 POCI 3 and the 
corresponding reaction with the bromide can bo 
controlled to proceed almost quantitatively. 
Phosphorus pentoxido at high temperatures 
attacks all ceramic materials and fused silica 
ware. 

Phosphorus Trioxide. —The usual method 
of preparation is that of T. E. Thorpe and 
A. E. H. Tutton (J.C.B. 1890, 57, 545 ; 1891, 59, 
1019) by burning white phosjdiorus in a re¬ 
stricted stream of dry air. The products con¬ 
sisting of P 4 O 6 , P 40 to, (P 02 )n, and some P 4 , 
are drawn through a glass wool filter at to 
remove solid particles, and the volatile trioxide 
is condensed by cooling to below 0°c. Yields of 
over 50% are possible by correct conditions 
(L. Wolf and 11. Schmager, Ber. 1929, 62 [Bj, 
771). The excess of phosphorus can bo removed 
by prolonged irradiation from a nuTcury arc, 
then distilling the trioxido from the red phos¬ 
phorus formed (C. C. Miller, J.C.S. 1929, 1823). 
An alternative preparation is by reaction of 
phosphorus trichloride and phosphorous acid, 
followed by vacuum distillation of the trioxide. 
(This is briefly referred to by F. Krafft and R. 
Neumann, Ber. 1901, 34, 506.) 

Physical Properties. —Boft, colourless, mono¬ 
clinic crystals, soluble in many organic solvents. 
M.p. 23-8‘^o.; b.p. 175'4°c. Vapour~ 2 iressure 
formula log^op (mm.) = —2,860-0/7^-“0*004007' 
-f 11*0510 (P. M. van Doormaal and F. E. ('. 
Scheffer, Rec. trav. chim. 1931, 50, 1100). 
Latent heat at the boiling-point (calculated) 9,406 
g.-eal. per g.-mol. of P 4 O 3 . Vajwur density 
corresponds to P 4 O 3 (T. E. Thorpe and A. E. 
Tutton, l.c.). In solution in benzene and 
naphthalene the molecular weight corresponds 
to P 4 OQ. The molecular structure from electron 
diffraction (G. C. Hampson and A. J. Stosick, 
J. Amer. Chem. Soc. 1938, 60, 1814) is shown 
diagrammatically in Fig. 6 . It resembles P 4 O 10 
except for the absence of the four “ phosphoryl ” 
O atoms. Density^ of the sofid, 2*135; of 
the supercooled liquid, 1*943. Surface tension 
36*6 dynes per cm. at 34*3"c., decreasing to 
27*8 at 109*4*^0. (R. Schenck, F. Mihr, and H. 
Banthien, Ber. 1906, 39, 1506). 

Chemical Properties .—Phosphorus trioxide 
vapour is stable only up to about 200 °c.; the 
thermal decomposition produces phosphorus 
tetroxide and red phosphorus. (Here, as in 
almost every chemical reaction which occurs in 
a system containing oxygon, free or combined 
in any way, and which has red phosphorus as 
one of the reaction products, there is doubt 
whether a possible sub-oxide such as P 4 O may 
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not also bo present.) Phosphorus trioxide can 
be ignited and burnt in air. 

Much of the early work with this oxide seems 
to have been done with preparations containing 
some white phosphorus, which is not easily 
removed by distillation. Some of the confusing 
observations on the oxidation may be explicable 
in this way. It has been shown by C. C. Miller 
(J.C.S. 1928, 1847) that phosphorus trioxide 
neither glows nor is oxidised in air or oxygen at 
ordinary temperature. In dry ozonised oxygen 
the overall reaction is represented by 

8 P^Ogd- 4 O 3 -I 502“-'5P^Og+3P^OjQ. 

The phosphorus tetroxide (written as P4OQ) is 
not further oxidised by ozone at room tempera¬ 
ture. 

With cold water, or coU dilute alkali solutions, 
phosphorus trioxide behaves as the anhydride of 
phosphorous acid. As long as the li(}uid is cold, 
the trioxide dissolves slowly Jind the process is 
easily controlled. With hot waiter or concen¬ 
trated alkali solutions the reaction may become 
violent, and phosphorus (possibly sub-oxide), 
hydrogen phosphides, and phosphate are also” 
formed. An interesting reaction takes place 
under suitable conditions with chlorine (anal¬ 
ogously with bromine) by which oquimolecular 
quantities of POCI., and (polymerised) meta- 
phosphoryl chloride, (POgCI)^) are produced. 
Sulphur adds on to form phosphorus sulph- 
oxide {q.v.). 

Phosphorus Tetroxide. —This little-investi¬ 
gated compound is a product of both thermal 
decomposition and oxidation of the trioxide 
(7.?;.). It is separated from accompanying red 
phosphorus, or i)ontoxido, b}^ vacuum sublima¬ 
tion, and appears as white crystals, probably 
orthorhombic. It was first analysed and 
characterised by T. E. Thorpe and A. E. Tutton 
{ibid. 1886, 49, 833). 

Phosphorus tetroxide is very stable to heat. 
Vapour density, determined by C. A. West 
{ibid. 1902,81,923) at over l,400°c., corresponded 
approximately to (P02)7. ApjDarently no volati¬ 
lisation occurred at 900°c. On the other hand, 
P. H. Emmett and J. F. Schultz (Ind. Eng. 
Chem. 1939, 31, 105) found, but not conclusively, 
a density corresponding to P40g at 600°c. 

Density, of the crystals obtained by 

vacuum sublimation is 2*537 (C. A. West, l.c.). 
Melting has not been observed. No solvent has 
been found which does not react chemically. 

Chemical Properties. —Heated in oxygen, phos¬ 
phorus pentoxide is formed at about 420°c. In 
air, oxidation is slow at 350°o., rapid at 600°o., 
in the absence of a catalyst. Platinised asbestos 
greatly accelerates the oxidation. The crystals 
are deliquescent and dissolve in water with 
vigorous heat evolution. The solution gives the 
reactions of phosphorous and phosphoric acids, 
but it is not clear whether hypophosphoric acid 
is an intermediate product. The structure of 
phosphorus tetroxide is not known, and a review 
of the available evidence leaves it uncertain 
whether the tetroxide can be considered to be 
the anhydride of hypophosphoric acid. 

Other'Oxides of Phosphorus. —Two lower 
oxides have been repeatedly described, but proof 


of the individuality of either is lacking. The 
case against PgO has been made out by L. J. 
Chalk and J. R. Partington (J.C.S. 1927, 1930). 
P4O is critically discussed by D. L. Chapman 
and F. A. Lidbury {ibid. 1899, 75, 973) and C. H. 
Burgess and D. L. Chapman {ibid. 1901, 79, 
1243). 

Sulphoxides of Phosphorus. —An addition 
product P40gS4 of sulphur and phosphorus tri- 
oxide is formed quantitatively with vigorous 
heat evolution when the reactants are warmed to 
160°o. in an inert atmosphere (T. E. Thorpe and 
A. E. Tutton, ibid. 1891, 59, 1019). The sub¬ 
stance sublimes in vacuum to colourless crystals, 
which melt at 102°c. to a liquid of normal b.p. 
295°c. The vapour density at 350-400^c. corre¬ 
sponds with the formula as written above. The 
structure, which may be written (SP)406, has 
been determined by electron diffraction (A. .1. 
Stosick, J. Amer. Chem. Soc. 1939, 61, 1130). 
It resembles P40 iq except that the four “ phos- 
phoryl ” O atoms are replaced by S atoms. The 
inter-atomic distances and angles are: P-O, 
1*61 a; P-S, 1*85 a.; P-P, 2*85 a. ; angle 
O-P-O, 101*5°; angle P- 0 --P. 123*5°; angle 
O-P-S, 116-5°. Phosphorus sulphoxido crystal¬ 
lises in large tetragonal crystals from solution 
in carbon disulphide, it is deliquescent and 
reacts woth moisture foj-ining phosphoric acid 
and hydrogen sulphide. 

Phosphorus Oxysidphide, P4O4S3, was pre¬ 
pared by A. Stock and K. Friederici (Ber. 1913, 
46, 1380) by passing oxygen into a solution of 
P4S3 in carbon disulphide, or ozonised oxygen 
into a solution of P4S3 in carbon tetrachloride. 
It forms a pale-yoUow amorphous powder, in¬ 
soluble in the usual organic solvents. This 
oxysulphido is an extremely hygroscopic sub¬ 
stance, which is decomposed by water. On 
heating it begins to fuse at about 150°o., and 
forms a yellow liquid at 250°c.; decomposition 
occurs. 

Phosphorus Oxysulphide, P202®3> 
covered (A. Besson, Compt. rend. 1897, 124, 
151) as a product of the reaction 

2P0Cl3+3H2S=6HCH-P202S3. 

Other products, including an oxychlorosulphide, 
P2O2SCI4, are formed at the same time. 
PgOgSg is a pale-yellow amorphous solid, which 
melts at about 300°c. and crystallises on cooling. 
Heated in vacuum, oven at 160°c. . P4S10 slowly 
sublimes, leaving P40iq. 


VII. OXYACIDS OF PHOSPHORUS. 


The following are individuals 
composition: 

of definite 

(Ortho) Phosphoric acid 

HjPO, 

Pyrophosphoric acid 

H.PjO, 

Motaphosphoric acid 

(HPO,)* 

H,P,d, 

HjPOa 

Hypophosphoric acid . 

(Ortho) Phosphorous acid . 

Pyrophosphorous acid . 

H4P5O5 

(HPO,)* 

Metaphosphorous acid . 

Hypophosphorous acid. 

HaPO, 


There is also a complete range of intermediate 
“ phosphoric acids ” of graded composition witb 
H20:P206 ratios varying between 1:1 and 3:1, 
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which are considered to consist of mixtures of 
polyphosphoric acids of varying degree of con¬ 
densation, (H2C)a;(P205)ji/. They are produced 
by hydrating phosphorus pentoxide {q.v.) with 
water or steam at a moderately high tempera¬ 
ture. A very concentrated acid is marketed in 
the IJ.S.A. under the names Teirapkosphoric 
Acidy or Phospholeum, H gP40i3. It is a viscous 
liquid, 2-OG, which does not crystallise at 
—50°o., and is an economical material to trans¬ 
port for subsequent dilution. 

PiiosruoKTO Acid, H3PO4. 

The manufacture has boon described in an 
earlier section of this article. This is the only 
acid containing phosphorus which is a largc- 
8(;alc industrial chemical. 

Physical Properties.—Anhydrous phos¬ 
phoric acid is a crystallino solid, m.p. 42-3°c. 
The only hydrate commonly encountered is 
HgPO^j^HgO, which contains 9T58% of 
H3PO4. Fig. 7 represents the eqiilUbriiim 
freezing-points for the concentration range of 


Freezing Point Diagram of Phosphoric Acid 
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Weight % of H^PO^ in Solution 
Fuj. 7. 

most practical interest. The equilibrium tem¬ 
peratures of solid H3PO4 with solutions of 
different concentrations lie between the melting- 
point A and the eutectic n. Curve BCD represents 
equilibrium of the solution with the hemihydrato 
as the solid phase. Curve cb shows the depres¬ 
sion of the melting-point of H3P04,iH20 by 
addition of H3PO4, b (at 23-5®c.} being the 
eutectic at which H3P0|,|H20 and HgP04 
co-exist as solid phases with solution. CD shows 
the depression of the melting-point of 
H3P04,iH20 by addition of H2O ; this curve 
continues without a break down to the eutectic 
point at which H3P04,JH20 and ice co-exist 
with solution (—86®o.; 62-6% H3PO4). The 
curve as given is due to W. H. Ross and R. M. 
Jones (J. Amer. Chem. Soc. 1926, 47 , 2166). 
It is to be noted that the experimental method 
by which it was obtained was in effect a method 
of investigating the equilibria of the two solids 
H3PO4 and HgP04,4Ha0 with solutions; 


there is, however, good evidence that another 
hydrate, 10H3PO4,H2O may intervene in the 
region covered by ab {see A . Smith and A. W. C. 
Menzics, ibid. 1909, 31, 1183). 

De.nsity and Composition .—The values tabu¬ 
lated below are reprodiiccd from a density com¬ 
position table given in “A. and W. Chemicals,” 
Albright and Wilson, Ltd., 1937, p. 69. Tbc 
data for densities below 1-.500 are based on a 
critical survey of the liiorafun;; those above 
this value were determined by Albright and 
Wilson, Ltd. 


Density of Aqueous Solutions of 
Obtuopiiosphokio Acid. 


P4 • 

Decrease 
per 1“0. 

wt.-% 

H3P04. 

wt.-% 

P2O5. 

Wt.-% 

P. 

1-100 

000030 

17-52 

12-69 

5-54 

11.50 

000035 

25-25 

18-29 

7-99 

1-200 

0-00045 

32-52 

23-56 

10-29 

1-250 

0-00050 

39-22 

28-41 

12-41 

1-300 

0-00055 

45-51 

32-97 ! 

14-40 

1-.350 

0-00060 

51-22 

37-10 

16-21 

1-400 

0-00060 

56-85 

41-18 

17-99 

1-450 

0-00060 

62-27 

45-11 

19-70 

1-500 { 

0-00065 

67-35 

48-79 

21-31 

1-550 

0-00070 

72-11 

52-24 

22-82 

1-600 

0-00075 

76-75 

55-60 

24-28 

1-650 

0-00075 

81-30 

58-89 

' 25-72 

1-700 

0-00080 

85-63 

62-03 

27-09 

1-750 

0-00080 

89-88 

65-11 

28-44 

1-800 

0-00080 

94-15 j 

68-20 

29-79 

1-850 

0-00080 

98-13 I 

71-08 

31-05 

1-874 

0-00080 

100-00 

72-44 

31-64 


Accuraci/.—Jietween (50 ami 95% tlio uncertainty in 
composition for a stated density does not exceed 1 part 
in 400 ; above and below lids range tlic uncertainty is 
slightly grejilcr. The figures in the second column 
refer to expansion of the acid solutions in the neigli- 
bourhood of 15®0. Jielow aiiout 00% H 3 PO 4 the 
thermal expansion increases rather rapidly between- 
5° and 25°o., and the figures given are to be taken as 
an average for the range 10--2l)'^c. 

It should be noted that in England phosphoric 
acid is marketed in grades defined by density, 
commonly 1-500, 1-600, 1-650, 1-700, and 1-750. 
For theseJgrades of pure acid the densities at 
60 °f. (p®J) are as follows : 


Peo- 

Decrease 
per 1°F. 

wt.-% 

H3P04. 

wt.-% 

P205. 

wt.-% 

p. 

1-500 

0-00036 

67-25 

48-71 

21-28 

1-600 

0-00042 

76-66 

55-62 

24-25 

1-660 

0-00042 

81-20 

58-82 

25-69 

1-700 

0-00044 

85-63 

61-96 

27-06 

1-760 

0-00044 

89-77 

65-03 

28-40 


Solutions of phosphoric acid containing more 
than 72-44% of P2O5 are generally considered 
to consist of equilibrium mixtures of ortho- 
phosphoric acid with pyro- and meta-acids, and 
probably other complex acids. The density of 
these more concentrated acids increases approxi¬ 
mately linearly with the excess of P2O5 over 
72-44%, according to the equation; 

pJ®-l-8744-0-0171(a~-72*44) 
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which holds for the range 72 - 44 <a%P 205<86 
(cf. J. H. Lum, J. E. Malowan, and C. B. Durgin, 
Chem. Met. Eng. 1937, 44, 721). 

Viscosity .—The values tabulated below are 
based on measurements by Albright and Wilson, 
Ltd., extended to acids stronger than 100 % 
H 3 PO 4 by inclusion of data from J. H. Lum, 
J. E. Malowan, and C. B. Durgin (he.). 


VlSCOSlTV ]N Centistokes. 


H3P04 . 

C90 

75-9 

82-8 

89-7 

90-G 

_ 

_ 

_ 

P2O5 . 

r>o 

55 

GO 

G5 

70 

75 

80 

85 

At 2.') ('. . 

8-4 

12 ^ 

20 

37 

83 

2G0 

__ 

_ 



.5 • 5 

' 8-1 

14 

25 

71 

430 

.— 

](I 0 ' ('. . 

— 

— 

2 -S 

40 

GG 

15 

5G 

590 

1 r) 0 '^c.. 

— 

— 

— 

2-2 

3-2 

5-8 

lG -2 

12G 

17()”c. . 

- - 

— 

— 

1-9 

■— 

4-2 

— 



Vapour Pressures and Boiling-Points .—Data 
are scanty and not very concordant. The 
following boiling-points at atmospheric pressure 
of solutions of phosphoric acid are based upon 
a consideration of the published vap(>ur-i)ressure 
jrieasureinents of 1. A. Kablukov and K. 1. 
Zagvosdkin (Z. anorg. Chem. 1935, 224, 315), 
]\I. M. Striplin (Ind. Eng. Chem. 1941, 33, 910) 
and some boiling-point determinations by 
Albright and Wilson, Ltd. At concentrations 
close to 100 % H 3 PO 4 the boiling-point is rising 
\'ory steeply, and the data may possibly be in 
error by :hl5®c. 


wt.-% 

H 3 PO 4 

50 

GO 

70 

75 

80 85 

b.r.,"( 


. 109 

117 

129 

13G 

147 159 

wt.-% 

H 3 PO 4 

90 

92 

94 

9G 

98 100 

li.p., °( 


. 17G 

185 

194 

20G 

228 270 


For more dilute solutions, vapour-pressure 
data at 100°c. are given by G. Tam maim 
(Landolt-Bornstein, “ Physikalisch-Chemische 
Tabellen,” Vol. II, 1923, p. 1389), by I. A. 
Kablukov and K. I. Zagvosdkin (he.) at tempera¬ 
tures from 25° to 80“c., and by G. 8 . Kasbekar 
(J. Indian Chem. Soe. 1940, 17 , 657) at 25°c. 
Further measurements (calculated to activities) 
at 25°c. are given by K. L. Elmore, C. M. 
Mason, and J. H. Christensen (J. Amer. Chem. 
Soc., 1946, 68, 2528) for the range 0-75 mol.-% 
H3PO4. It apxicars that Kablukov and 
Zagvosdkin’s values at this temperature are 
somewhat too high for concentrations higher 
than 25 mol.-% H3PO4. A nomograph for the 
range 25-40^c. and 77-94% H3PO4 is given by 
J. H. Perry and H. C. Duus (Chem. Met. Eng. 
1934, 41 . 74). 

Specific Heat .—Specific heats of phosphoric 
acid solutions at 21‘3®C., and the mean specific 
heats over certain useful temperature ranges, 
have been determined by M. M. Popoff, S. M. 
Skuratoff, and N. N. Feodossjeff (Z. physikal. 
Chem. 1933, A, 167 , 42). The values at 2L3^c. 
are consistent with the formula ; 

Sp. heat (21-3°c.) = l- 000 -( 7 * 54 xl 0 ” 3 ) 7 i 

-(4-3x 10-VH(l'827x 10~7)n8^ 

for 0 =< 7 i% HgPO4<90. This formula is pro¬ 
bably correct to within one part in fifty. An 


independent measurement at w=100 gave 0-37. 

The data for the mean specific heats between 
20°o. and lOO^’c. are consistent with the formula : 

Sp. heat (20-100'^o.)-l-0]09-0-00709/i 

for 0 <a% H 3 PO 4 ^60. The values obtained 
from this formula are probably accurate to 
within one part in fifty. For acids of con¬ 
centrations higher than 60% the mean specific 
heats arc given by these authors for the tem- 
peratm’o ranges from about 20 °o. to temperatures 
dose to the boiling-points of the solutions. The 
data are tabulated below (rounded figures). 


% H,P04, 

Teiiip(iraturc 
raiiKo, °c. 

Mean spc^oific 
heat. 

65 

20-118 

0-59 

70 

20-120 

0-57 

75 

20-130 

0-54 

80 

i 20-140 

0-52 

85 

21-150 

0-49 

90 

22-150 

! 0-48 


Heat Transfer, Film Coefficient. —B. E. Zinn, 
H. G. Thoeraing, and C. G. Dunean-Clark 
(Trans. Amer. Inst. Chem. Eng. 1941, 37, 399) 
determined the film coefficiciits, h, B.Th.C. per 
hr. per sq. ft. per ®r., for heat transfer from phos¬ 
phoric acid to impregnated graphite (Karbate). 
Their data for acids of three conceiitrations 
(‘an be summarised by the equation logjQ h ^ 
A It(>~B, where Eg is the Beynolds num¬ 
ber, and A and B are constants which have the 
following values: 


Wt.-"o 

H 3 PO 4 . 

A. 

B. 

'J'einper«lure 
range, ‘W 

55 

0-73 

0-24 

30-80 

80 

0-84 

0-62 

30-80 

90 

0-98 

1*07 

40-80 


Latent Heats of Fusion .—From the measure¬ 
ments of heats of solution by J. Thomsen and 
A. Joly (J. Thomsen, “ Thermochomische Unter- 
siichungen,” Leipzig, 1882-86) the following 
values for the heats of fusion are derived : 



Kg.-cal. per 



g. formula 

G.-cal per g. 


weight. 

H 3 PO 4 . 

2-52 

25*7 

. . . 

3-64 

340 


Heals of Dilution .—^The data tabulated below 
are based mainly upon the measurements of 
J. Thomsen and A. Joly (J. Thomsen, op. cit.). 
The first column gives the percentage by weight 
of H3PO4 in the liquid before dilution. The 
second column gives the density pj® of the liquid. 
The third column gives the heat evolved (per g. 
of H3PO4 contained in the solution) on diluting 
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tho acid to a very low concentration (i.fi., the 
limiting heat for “ inliuite dilution ”). The last 
column gives the corresponding heat evolution 
per litre of solution taken for dilution. The heat 
evolved on dilution from one concentration to 
another is obtained by combination of the appro¬ 
priate heat values in the third column. The 
heat values apply strictly to dilution at 19°c. 


1 

H 3 PO 4 . 

O.-cal ])er g. 
H 3 PO 4 . 

Ivg.-cal per litre 
solution. 

100*00 

54*6 

102*1 

91*58 

45*3 

73*4 

89*88 

43*2 

68*2 

85*63 

38*0 

55*3 

80*00 

32*6 1 

42*7 

70*00 

25*4 

27*2 

67*35 j 

23*7 

23*9 

60*00 

19*8 

170 

5000 1 

14*9 

10*0 

40*00 

10*3 

5*2 

20*00 

.5*2 

1*2 

10*00 

3*0 

0*3 


Dissociation Constants .—The Ihermodjmamic 
constants for the dissociation of H 3 PO 4 arc- 
expressed by; 

p7f 1-2-0304-h (5 X 10“5)(^-f J 8 )^ 

for 0<^rc.<50, with a probable error of less 
than 1% (L. P. Kirns, ,1. Amcr. (4icm. Soc. 1934, 


Titration Curve of Phosphoric Acid 



56, 1110). This gives A'i=7*54x lO-^ at 2 .Tc. 
Tho thermodynamic constants for tho dissocia¬ 
tion of H 2 PO 4 arc expressed by : 

pii2=^2,073-0/T-5-9884-f 00209127’ 

where 273*16, and 0<Tc.<50 (R. G. 

Bates and S. F. Acree, J. Res. Kat. Bur. Stand. 
1945, 34, 373), whence at 25°c. or 

iiL2=6*32x 10"®. Within the stated tempera¬ 
ture range the equation reproduces the measure¬ 
ments with a maximum departure of 0*0023. 
At 55° and 60°c., the exi)erimentai values of 
pA *2 are respectively 7*1870 and 7*1944. Other, 
somewhat less recent, data for pA"! and pA'gare 
in agreement. 

The third dissociation constant is only approxi¬ 
mately known; p A 3 is between 12 and 13, so 
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that triaodium phosphate is considerably 
hydrolysed in solution. 

Titration Curve of Orthojjhosphoric Acid .— 
The fact that A'j, A’g, and A^ are of quite 
different orders of magnitude makes the titration 
curve of considerable interest. When sodium 
hydroxide solution is added to a solution of 
phosphoric acid, neutralisation to NaH 2 P 04 , 
NagHPO^, and NagPO^ occurs in thrcie 
separate stages. Fig. 8 show*^' tho variation in 
pH during the addition of NaOH solution 
(0*0919 N.) to 100 c.c. of H 3 PO 4 solution 
(0*01277 M.) at 20°c. (data from H. T. S. Britton, 
J.C.iS. 1927, 614). 

PyitoriJOScHOiiio Aorn, H^PgO^. 

Preparation .—A(picous solutions of the free 
acid are readily prepared by passing hydrogen 
sulphide through suspensions of lead or copper 
})yrophosphatc and c-oncentrating tho filtered 
solutions by freezing or vacuum evaporation. 
Hydrolysis to orthoplios])hate is slow at room 
temperature, but rapid at lOO^’c. The usual 
iiicth()«l of manufacture of pyrophosphoric acid 
is from orthopbosphoric acid, cither by heating 
to remove Avater (at about 250°c.) or, prtdcrably, 
by adding jihosphorus pentoxide and heating 
and stirring. By either method, when tho com¬ 
position lias been adjusted to H 4 P 2 O 7 a viscous 
liijuid is obtained which usually rimiains Ihjuid 
at room temperature for a long time; eventually 
sol id ideation occurs. 

Properties. —Tho melting-point of the an¬ 
hydrous acid is aboul^ bT’c. A hydrate, 
H^PgO^UH.O, ra.p. 26‘’c., has been reported 
(H. Giran, Com])t. rend. 1908, 146, 1270). 
The density of the liijuid of empirical com¬ 
position H 4 P 0 O 7 is expressed by pj--l*992 
—0*000683(^—20), for temperatures /°c. (J. H. 
Lum, J. E. Malowan, and C. B. Burgin, Chem. 
Mot. Eng. 1937, 44, 721). For strong acids of a 
range of composition including H 4 P 2 O 7 , is 
given under the heading Phosphorie Acid. 

Viscosity .—The liquiil aia'd is included in the 
table of viscosities given under Phosphoric Acid. 
H 4 P 2 O 7 contains 79*76% of P 205 - 

When solid anhydrous pyrophosphoric acid is 
carefully dissolvtid in water, hydrolysis through 
temperature rise being avoided, analysis {see 
A. B. Gerber and F. T. Miles, Ind. Eng. Chem. 
[Anal,], 1938, 10, 519) shows that the solute 
remains essentially pyrophosphoric acid. If, 
however, the acid is first heated above its melt¬ 
ing-point, and the liquid cooled to room tem¬ 
perature and dissolved, a substantial proportion 
of the acid is found in the form of a mixture of 
meta- and ortho-phosphoric acids. It should be 
noted that pyrophosphoric acid is not used as a 
starting point for tho large-scale manufacture of 
pyroph osph ates. 

Dissociation Constants .—The four dissociation 
constants are known with only moderate ac¬ 
curacy: at 18°c., pA^j 0*85, pA2=l*96, 

pA^ 3 = 6 * 68 , pA' 4 ==- 9 * 39 ; the first two values are 
those of G. A. Abbott and W. C. Bray (J. Amer. 
Chem. Soc. 1909, 31, 729) and the last two of 
I. M. Kolthoff and W. Bosch (Roc, trav. chim. 
1928, 47, 819). 
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METAPHOsrnoRic Acid, (HPO3)*. 

When phosphorus pentoxide reacts with the 
correct amount of water, and the product is 
heated until it becomes physically homogeneous 
(in practice this means obtaining a liquid at 
850°c. or over) and then cooled, metaphosphoric 
acid is obtained with physical properties which 
depend upon the temperature and duration of 
heating and the rate of cooling. It is more 
usual to start with orthophosphoric acid and 
dehydrate it by strong heating. Metaphos¬ 
phoric acid has been obtained in various stages 
of polymerisation, but much of the work 
reported is in need of repetition with attention 
to purity; the extremely corrosive nature of 
hot metaphosphoric acid requires special con¬ 
sideration. Reference may be made to the 
work of P. Pascal and Mme. Rdchid (Compt. 
rend. 1933, 196, 828); Mme. R6chid {ibid., 1933, 
196, 860); A. Travers and Y. K. Chu {ibid. 
1934, 198, 2100), where the preparation and some 
properties of dimetaphosphoric acid, H 2 p 20 g, 
are described. All varieties of metaphosphoric 
acid vaporise when heated to l,000°c. Accord¬ 
ing to W. A. Tilden and R. E. Barnett (J.C.S. 
1896, 69, 154) the vapour density, by the Victor 
Meyer method in platinum apparatus, is com¬ 
patible with the dimeric formula H 2 P 2 P 6 ; 
however, there are indications of decomposition 
with loss of water, and this interpretation of the 
vapour density is uncertain. 

As marketed commercially, metaphosphoric 
acid (or glacial phosphoric acid) appears as a 
sticky solid. For some purposes this is 
hardened by inclusion of a considerable proi)or- 
tion of sodium metaphosphate, to make it easier 
to handle. The highly polymerised forms of 
metaphosphoric acid (glasses) all possess the 
property of coagulating albumen, and in general 
of reacting with proteins. The acid strength of 
metaphosphoric acid is somewhat greater than 
that of H 3 PO 4 . 

HYrornosPHORic Acid, H4P20g. 

Preparation .—When white phosphorus par¬ 
tially immersed in water is allowed to oxidise 
in air, a mixture of hypophosphoric, phos¬ 
phorous, • and phosphoric acids is formed. 
Addition of sodium acetate precipitates the 
slightly soluble salt Na 2 H 2 P 20 g, 6 H 20 . Anodic 
oxidation of copper phosphide yields up to 60% 
of the dissolved phosphorus as hypophosphate 
(A. Rosenheim and J. Pinsker, Ber. 1910, 43, 
2003). This has been confirmed by S. C. Frowde 
(University of London Thesis, 1938, “ The 
Preparation and Anodic Oxidation of Metallic 
Phosphides ”). Oxidation of red phosphorus 
by cold sodium hjq)Ochlorite solutions gives a 
25% vield of hypophosphate (J. Probst, Z. anorg. 
Chem. 1929, 179, 166). 

Structure.—There is no reasonable doubt 
that the double formula H 4 P 2 O 0 is correct. 
None of the properties of the acid or its salts is 
definitely inconsistent with the double formula, 
whereas the freezing-point lowering, allowing for 
dissociation and the ionic field effect (P. Nyl 6 n 
and 0. Stelling, ibid, 1933, 212, 169), the Raman 
spectrum (J. Gupta and A. K. Mpjumdar, J. 
Indian Chem. Soc. 1942, 19, 286), and decisively 


the diamagnetism of hvpophosphates in general 
(F. Bell and S. Sugden, J.C.S. 1933, 48) are not 
compatible with the single formula; H 2 PO 3 
and its salts would contain an odd number of 
electrons, and would therefore be paramagnetic. 
As between the unsymmetrical structure 
(H0)2(P0)0(P0)0HH and the symmetrical 
structure (H 0 ) 2 ( 0 P)'(P 0 )( 0 H) 2 , (or their 
corresponding 4-co-ordinated forms, 

H 3 L 03 P 0 PH 021 and H 4 [ 03 PP 03 l) 
the symmetrical is the more likely. It explains 
the tetrabasicity of hypophosphoric acid, and tho 
position and singleness of the X-ray absorp¬ 
tion edge associated with the P atoms. The 
only evidence favouring tho unsymmetrical 
structure is the fact that sodium hypophosphate 
can be oxidised to sodium pyrophosphate by 
bromine water, suggesting the pre-existence 
of the P-O-P linkage (B. Blaser and P. Hal- 
pern, Z. anorg. Chem. 1933, 215, 33). However, 
a consideration of tho comparative structures of 
the P 4 molecule and the P 4 O 3 molecule, which 
is formed at low temperatures from P 4 , weakens 
this argument. It is also interesting that the 
methocls by which hypophosphoric acid has 
been obtained either involve oxidation of ele¬ 
mental phosphorus, or hydrolysis and oxidation 
of P 2 I 4 (J. H. Kolitowska, ibid. 1937, 230, 310), 
or oxidation of phosphorous acid by iodine, and 
in all of these the formation of a P—P bond 
seems readily intelligible. 

Hypophosphoric acid slowly hydrolyses in 
aqueous solution (much more rapidly in tho 
presence of added strong acids, or when heated) 
to orthophosphoric and phosphorous acids. 
Alkalis do not accelerate the hydrolysis; at 
first sight this is unexpected in view of the P-P 
bond, but tho strong repulsion of the OH“ ion 
by the quadruple charge of tho hypophosphate 
anion may be the explanation. 

Properties.—Hypophosphoric acid forms a 
hydrate H 4 P 20 g, 2 H 20 , m.p. 62°c. This slowly 
loses w^ater in a desiccator, partial liquefaction 
occurs and the anhydrous acid separates, m.p. 
55 °g. (A. Joly, Compt. rend. 1886, 102, 110). 
The hydrated acid is stable in the solid state, 
but decomposes rapidly and exothermally just 
above its melting-point into phosphorous and 
phosphoric acids. It is a very soluble substance. 

The four dissociation constants are approxi¬ 
mately: i)A"i= 2 * 2 ; p/{' 2 = 2 * 8 ; pir 3 = 7 ’ 3 ; 

pir 4 —10. All four series of sodium and am¬ 
monium salts are known, and also some salts 
that are more acid. The silver and thorium 
salts, Ag4Pa04 and Th P 2 O 4 , are very insoluble 
and have been used in analysis. Many hypo- 
phosphates are sparingly soluble. They decom¬ 
pose when strongly heated, much in tho same 
way as phosphites. 

Phosphorous Acid, H 3 PO 3 . 

Two methods of preparation are used for com¬ 
mercial purposes. Phosphorus trichloride can 
be hydrolysed by water (it is best to use a con¬ 
centrated solution of hydrochloric acid aa the 
source of water, and to cool during the reaction). 
Evaporation up to but not exceeding 180°c. 
gives a good yimd of the crystalline acid. Alter¬ 
natively, white phosphorus can be boiled with 
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strong caustic soda solution, whereby phosphine, 
hydrogen, and sodium phosphite are produced, 
but not hypophosphite, and the free acid ob¬ 
tained via the rather insoluble barium salt. A 
variant of this is the use of b^^^-product calcium 
phosphite obtained in the manufacture of cal¬ 
cium hypophosphite. 

Properties. —Phosphorous acid is a very 
hygroscopic crystalline solid, m.p. r::r::73°o. It is 
extremely soluble in water. It is a dibasic acid, 
forming two series of salts corresponding to 
MgHPOg and MHgPOg, and in addition some 
still more acid salts. In general, metallic 
phosphites, particularly the acid salts, are 
readily soluble, although CaHP 03 ,Ha 0 and 
BaMPOgj^HgO are exceptions. The free acid 
and all the salts decompose to phosphate, phos¬ 
phine, and water vapour on heating to tempera¬ 
tures above about 200°c. Dehydration of 
NaH^POg well below this temperature gives 
the pyrophosphite Na 2 H 2 P 205 , which in 
aqueous solution hydrolyses at the boiling-point 
to phosphite. 

Phosphorous acid and the phosphites are 
strong reducing agents, but as with hypophos- 
pliites, the action is often unexpectedly slow. 
Boiling with caustic allialis does not liberate 
hydrogen. The kinetics of oxidation by halo¬ 
gens have been extcnsivoly studied (A. D. 
MitchoU, J.C.S. 1923, 123, 2241; A. Berthoud 
and W. E. Berger, J. Chim. phys. 1928, 25, 
5(38; li. 0. Griflith and A. McKeown, Trans. 
Faraday Soo. 1933, 29, 611). 

It is generally considered that phosphorous 
acid has the 4-co-ordinatod structure [OgPHjHg, 
or at least that this is the best simple representa¬ 
tion for the structure of the inorganic phosphites. 
The first dissociation constant of phosphorous 
at^id, pA'c^l -2 corresponds to a very much 
stronger acid than would be anticipated for the 
structure P(OH),. The point is discussed by 
G. E. K. Branch and M. Calvin (“ The Theory 
of Organic Chemistry,” Prentice-Hall, Inc., 
New York, 1941) who point out that a tauto- 

merism P(0H)3^ HP0(0H)2, with dissocia¬ 
tion of protons from the O atoms, goes some 
way towards accounting for the discrepancy, 
but does not explain why phosphorous acid is 
even stronger than phosphoric, and also that it 
is not clear why P(OH )3 should not bo the 
stable structure. (Dissociation of a proton from 
the P atom leaves the same anion as would be 
given by P(OH) 3 , and, as these authors point 
out, the dissociation constant would then be 
less than that expected for the structure 
P(0H)3.) Branch and Calvin discuss the 
possible resonance structures which may be 
involved (and which are not possible with 
tPOjHg) and conclude that the apparently 
anomalous acid strength is to be explained by 
these structures. 

Pyrophosphorous Acid. 

This dibasic acid was prepared by V. Auger 
(Compt. rend. 1903, 136, 814) by shaking to¬ 
gether orthophosphorous acid and excess of 
phosphorlis trichloride: 

5H3PO3+ PCIg-SHCl+SH^PaOs. 


The reaction takes place over several hours at 
30-40°o., and is completed by standing in a 
desiccator with caustic potash for some days. 
Pyrophosphorous acid forms noodle crystals 
which molt at 38°c.; the liquid decomposes at 
about 100°c. Water hydrolyses it instantly to 
phosphorous acid. 

Mrtaphosphorous Acid, (HPOg)^;. 

Oxidation of phosphine by oxygon produces 
phosphoric acid, or phosphorous acid, or a com¬ 
pound HPO 2 , accoj’ding to the conditions of 
reaction. The last named is produced by the 
reaction PH3 f-Og^Hgd-POgH, which takes 
place at room temperature when phosphine and 
oxygen, both initially at or below 25-5 mm. 
pressure, arc allowed to mix slowly by diffusion. 
lYathery white (Tystals, melting-point higher 
than 80°o., are foi-mod on the walls of the re¬ 
action vessel. Nothing else is known about this 
compound except that it reacts with water 
forming phosphorous acid, and hence it was 
considered by its discoverer, H. J. van do Stadt 
(Z. ph 3 '^sikal. Cbem. 1893, 12, 322) to bo meta- 
phosphorouB acid. 

Hyvophosphorous'Acid, HgPOg- 

Properties. —The pure acid forms colourless 
deliquescent crystals, m.p. 26-5°c., which d(3Com- 
poso above ISO^c. into phosphoric and phos¬ 
phorous acids and hydrogen and phosphine. 
Structurally the substance is written OPHgOH, 
which is confirmed by the Raman frequencies 
(A. Simon and F. Feher, Z. anorg. Chem. 1937, 
230, 289) and by X-my analysis of the am¬ 
monium salt (W. H. Zachariasen and R. C. L. 
Mooney, J. Chem. Physics, 1934, 2, 34). Hypo- 
phosphorous acid is a inonobasicj acid, with pA” 
about the same as p/v^ for H 3 PO.J. As with 
phosphorous acid {q.v.), hypophosphorous acid is 
considered to bo too strong to be HP (OH)®, 
and it is concluded that the anomalous strength 
is a consequence of resonance. 

Almost all metallic hypophosphites are readily 
soluble in water. In aqueous solution the acid 
and its salts arc strong reducing agents, although 
the rate of reaction is often surprisingly small. 
The kinetics of oxidation of hypophosphorous 
acid in aqueous solution by the halogens (A. D. 
Mitchell, J.C.S. 1920, 117, 1322; R. 0. Griffith 
and A. McKeown, Trans. Faraday Soc. 1934, 30, 
530) and by cupric and mercuric chlorides (A. 
D. MitcheU, J.C.S. 1922, 121, 1624) have been 
intensively studied. 

Manufacture.—Free hypophosphorous acid 
as a commercial commodity is in small demand. 
It is usually marketed in the form of a 30% 
solution. It is made from the calcium or barium 
salt by precipitation with sulphuric acid. Hypo- 
phosphites, on the other hand, have for many 
years been used in pharmaceutical preparations. 
The manufacture is always based upon direct 
reaction of white phosphorus with alkaline 
solutions, usually a boiling slurry of lime. The 
products of the reaction are calcium hypo¬ 
phosphite (in solution), calcium phosphite (in¬ 
soluble), phosphine (containing sufficient P 2 H 4 
to make it spontaneously inflammable) and 
hydrogen. The mechanism of this complicated 



508 


PHOSPHORUS. 


reaction is not understood. The action is often 
represented by two equations : 

P, 4 SOH-+ 3 H 20 = 3 HjP 02 + PH 3 . (I) 
H3PO;+OH-=HPOr+H3 . . (2) 

The first of these ecpaations requires that ono- 
foui th of the reacting phosphorus shall appear 
as phosphine, and the second requires that the 
volume of hydrogen formed shall be propor¬ 
tional to the amount of phosphite. However, in 
a study of the process by Albright and Wilson, 
Ltd., it has been shown that neither require¬ 
ment is fulfilled, and practical results arc much 
more nearly consistent with : 

iP4+20H-+2H20- 2H^P02 f H 2 . (3) 

iP,+ 20H-+H20^HP0^-+PH3 . (4) 

In agreement with these ecpiations, the data 
show that equal amounts of phosphorus appear 
as phosphine and as }ihosphito, and the volume 
of hydrogen liberated is more nearly proportional 
to the liypophosphite formed than to the phos¬ 
phite. Those generalisations applied to both 
calcium and sodium hydroxides as sources of 
OH- A certain amount of decomposition of I 
hypophosphito by alkali must also occur through 
reaction ( 2 ), but it seems to bo of subsidiary im¬ 
portance, especially when lime is used. The 
kinetics of reaction ( 2 ) have been studied by 
A. Sieverts and Loessner (Z. anorg. (Ihem. 
1912, 76, 10) and it appears that the rate¬ 
controlling step is first-order with respect to the 
ion HgPOi" and second order with respect to 
OH-. 

Peracids of Phosphorus. 

There is indirect evidence that two peracids 
exist, permonophosphoric acid, HgPOr,, and 
perdiphosphoric acid, H^PgOp. JSJeither has 
been obtained as the free acid in a pure state. 
A number of phosphates and pyrophosphates 
containing co-ordinated hydrogen peroxide have 
been prepared, and these, as 8 . Husain and J. R. 
Partington emphasise (Trans. Faraday Soc. 1928, 
24, 235), have sometimes been confused with 
true perphosphates. A list of such compounds 
will be found in the reference given. It does not 
appear that either the peracids or the hydrogen 
peroxide compounds have been found useful in 
industry. 

Permonophosphoric acid was prepared by 
J. Schmidlin and P. Massini (Ber. 1910, 43, 
1162) by acting upon phosphorus pentoxide 
with very concentrated hydrogen peroxide 
(96-3% HgOg). losing acetonitrile as an inert 
solvent for the hydrogen peroxide, G. Toennies 
(J. Amor. Chem. Soc. 1937, 59, 556) obtained 
comparatively stable solutions of the peracid 
in 65% yield: 

P205+2H202+H20==2H3P05. 

Attempts to crystallise solid salts of this acid 
led to decomposition. 

Solutions of perdiphosphoric acid have been 
prepared by electrolysis of potassium or am¬ 
monium dihydrogen phosphate in the presence 
of fluoride (Fr. Fichter and E. Gutzwiller, Helv. 
Chim. Acta, 1928, 11, 323). Another method of 
preparation is by the action of hydrogen per¬ 


oxide upon pyrophosphoric acid. The solution 
of the acid is rather more stable and less reactive 
than permonophosphoric acid; in particular it 
reacts more slowly with iodide, and an analytical 
distinction between the two is based upon this 
fact. Some perdiphosphates jiie stable in the 
solid state. A high concentration of hydrion 
hydrolyses perdiphosphoric acid to permoiio- 
pliosphoric acid. 

VITT. PYROPHOSPHATES, METAPHOS¬ 
PHATES, AND POLYPHOSPHATES OK 
SODIUM. 

Metaphosphoric acid was first reported by 

J. J. Berzelius in 1816, and the letrasodium salt 
of pyrophosphoric acid by L. Clark in 1827. 
Systematic study of the salts of condensed and 
polymerised phosphoric acids began with the 
recognition by T. Graham (Phil. Trans. 1833, 
123, 253) of the constitutional relationship of 
ortho- to pyro-, and meta-phosphates, ami the 
distinction between ditl'erent forms of sodium 
metaphosy)hato. A voluminous literature on this 
section of inorganic ch(;mistry now exists; un¬ 
fortunately some of the earlier work did not take 
advantage of ph 3 'sical princi])les which were 
understood at tlie time, and numerous real con¬ 
tradictions are superimposed on a (;haoH of 
nomenclature. Historical reviews of the early 
development have been proscuited by F. War- 
schauer (Z. anorg. Chem. 1903, 36, 137) and 

K. Karbe and 0. Jander (Kolloid-Bcih. 1942, 

54, 1). 

The information presented here is confined to 
the sodium salts, and further restricted to those 
which are well-defined or which have industrial 
importancH). Parenthetically it may bo ob¬ 
served that in recent years (1935-) there has been 
remarkable growth in the consumption of several 
phosphates of sodium. Di- and tri-sodium 
orthoyfiiosphates and tetrasodiiim pyrophosphate 
are widely used in the treatment of water for 
industrial purposes, and as detergents and in 
the manufacture of soap preparations. Sodium 
tripolyphosphate has recently been included 
among the phosphates used in controlling hard¬ 
ness of water, and its use is likely to expand. 
Sodium motaphosphatos and the soluble glasses 
intermediate between NaPOg and N ^6^3^10 
have become versatile industrial chemicals 
through their power of forming stable soluble 
complexes with bivalent and tor valent cations, 
and because of the possession of remarkable 
surface-active properties. Acid sodium pyro¬ 
phosphate Na 2 H 2 P 207 is one of the more im¬ 
portant acidic constituents now used for aera¬ 
tion in baking. 

Sodium Pyrophosphates. —The hydrogen 
atoms of H 4 P 2 O 7 can be successively replaced 
by sodium. NaH^PgO^ is a very deliquescent 
substance prepared by mixing pyrophosphoric 
acid and acid sodium pyrophosphate, but has 
not been studied to any extent. NagHPgO^ is 
prepared by dissolving NagHgPgO^ and 
Na 4 P 207 and crystallising the solution. Below 
29°c. NagHPg 07 , 9 H 20 separates; this is an 
efflorescent substance which loses water vapour 
to form Na 3 Hp 207 ,H 20 . Intermediate hy¬ 
drates, which have been reported, appear to bo 
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mixtures of these two. Neither salt has found 
practical application. 

Acid Sodium Pyrophosphate, Na 2 H 2 P 207 , 
forms largo crystals of an efflorescent hexa- 
hydrate. The transition temperature at which 
hexahydrate, anhydrous salt, and saturated solu¬ 
tion co-exist is 27"’o. The solubility is 15*5 g. of 
Na 2 H 2 P 207 per 100 g. of HgO at 25''c. 

The anhydrous salt, in a finely ground con¬ 
dition, is the form used in baking powder. 
Many thousands of tons are used annually for 
this purpose in England alone. It is manu¬ 
factured by dehydrating monosodium ortho- 
phosidiato witli careful control of temperature 
and time of lieating. The process control in 
practice needs to be closer than would be in¬ 
ferred from the temperatures at which 1 atm. 
pressure of water vapour is reversibly estab¬ 
lished in the systems : 

2NaH.,PO,- H,0 Na^H.PjO, 

27r>-2MU"'C 

--- —^ 2NaP0y+H20 

It is possible to manufacture acid sodium pyro¬ 
phosphate containing consistently less than 1 % 
of orthophosphate and less than 1 % of meta- 
phosphate. kSevoral typos of equipment are in 
use for the conversion process ; batch ovens with 
the orthophosphate on trays, oj)erated accord¬ 
ing to a time-temperature cycle ; rotating drums 
in which orthojihosphate batches are heated by 
internal or external firing; or continuous in¬ 
ternally gas-fired rotary driers, 

Tetrasodium Pyrophosphate forms a well- 
defined hydrate Na 4 P 2 O 7 , 10 H 2 O by crystal¬ 
lisation below the transition temperature ( 79 * 5 ''( 3 . 
according to the solubility data of H. Menr.el 
and 8 ieg, Z. Elektrochern. 1982, 38, 283), at 
Avhich the anhydrous salt is the second solid 
phase. The sohthility according to these authors 
is: 

'roTnp./'C. ... 0 20 0 ^00 COO 79r> 1000 

G. of Na4P207 ill 100 

K.ofH^O ... 22 5-5 10 0 24 0 .77-5 43-5 

The anhydrous salt is usually manufactured by 
heating disodium orthophosphate in ovens or 
rotary kilns to a temperature of 400-500'^C!. No 
special control is required, the salt being 
thermally stable, and melting at 985*^0. 

In aqueous solution at 100°c., hydrolysis of 
pyrophosphate to orthophosphate is rapid in 
the presence of hydrion and extremely slow at 
pH values between 9 and 13. Concentrated 
caustic alkalis, however, hydrolyse it readily. 

Sodium Trimetaphosphate .—The anhydrous 
salt is made by heating NaHgPO^ or 
Na 2 H 2 P 207 to 500~600°c. All other forms of 
80 <lium motaphospbate {Maddrell salt, Kurrol 
salt, sodium metaphosphate glass) are con¬ 
verted into trimetaphosphate in this tempera¬ 
ture range. It is a colourless substance, m.p. 
()28°o., which crystallises well from molten 
NaPOg, and is readily soluble in cold and 
hot water. Two hydrates are known, 
Na 3 (P 03 ) 3 , 6 HoO, obtained by recrystallisation 
from water, and Na 3 (P 03 ) 3 ,H 20 obtained by 
precipitation from a hot solution with alcohol. 
At moderate concentrations Na 3 (P 03)3 does 


not form precipitates with Ag’*', Pb'^or 
Ba’^+. Almost all tri metaphosphates are at 
least moderately soluble. Stable complex ions 
are not formed, and the substance has found no 
useful application except as an intermediate in 
the manufacture of hydrated sodium tripoly- 
phosphato iq.v.). 

It is probable that the structure of the tri¬ 
metaphosphate ion will prove to contain a sym¬ 
metrical six-nicmbcrod ring with altcrnat(i P 
and O atoms. If so, it is the anion of an acid 
in which the three acid functions are so strong 
that they titrate' together. Ereezing-point 
depression in v atcr indicates a trimcric formula 
(1\ Nylen, Z. anorg. Cliem. 1930, 229, 30). 
(.hnductance measurements also supy)ort this 
formula (A. Wiesler, ibid. 1901, 28, 177). 
Further (n idence is provided by the yuoduction 
of sodium tri poly y3hosy)hate on hydrolysis by 
caustic soda: 

Na 3 (P 03 ) 3 -f 2 Na 0 H aq. 

Na 5 P 3 OjL 0 , 6 H 2 O aq. 

The triy^olyyfiiosyjhate is comparatively stable 
ill alkaline solution, and this hydrolysis of tri- 
motaphosyihate is the basis of one of the in¬ 
dustrial methods of manufacturing hydrated 
sodium triyiolyjihosy)hat(^ (U.S.P. 2305190, 1914, 
to G. B. Hatch; G.V. 734511,1943, to W. Faber). 
If the hydrolysis is catalysed by hydrion instead 
of hydroxyl ion, further hydrolysis to ortho- 
I phosyihate plus yiyroyihosphato readily occurs; 
the reaction can bo arrested at the triyiolyphos- 
yihate stage by using as the acid hydrolytic 
reagent acetic acid and zim* ai’otate, whereby a 
crystalline preciyiitate of hydrated zinc sodium 
tripolyphosj)hate is produced: 

Na 3 (P 03)3 aq.-f- HgO -^NaaHgP^^9* 

NagHgPaOjQ aq.-|- 2 Zn(OAc )2 

Zn 2 NaP 30 iy, 9 H 20 I 2NaOAcaq. 

-f 2 HO Ac aq. 

This hydrated zinc sodium triy 3 olyy)lu)syihato was 
frequently encountered by investigators of tri- 
metaphosphate, but often mistaken for other 
compounds. 

Sodium Telrametaphosphate. —F. Warschauer 
(Z. anorg. Chem. 1903, 36, 137) made this salt 
l)y treating copper oxide with excess of ortho- 
phosphoric acid at a temperature not exceeding 
400*^0. From the resulting copper metaphos- 
phate the sodium salt was obtained by treatment 
with sodium sulphide solution. Crystallisation 
gave needle-like crystals of a tetrahydrato 
Na 4 (P 03 ) 4 , 4 H 20 . A decahydrate also exists, 
which decomposes to the tetrahydrate on ex¬ 
posure to air or in the saturated solution at room 
temperature. The cold saturated solution con¬ 
tains about 10% of NaPOg. Conductance 
measurements by F. Warschauer (be.), measure¬ 
ments of freezing-point lowering by P. Nylen 
{ibid. 1936, 229, 30), the work of A. Boull<5 (Ann. 
Chim. 1942, [xi], 17, 213) on conductance and 
freezing-point lowering, and of P. Bonneman- 
Bcmia {ibid. 1941, [xi], 16, 395) on freezing- 
point lowering, all support the tetraraeric 
formula. Claims that this salt is reversibly con¬ 
vertible at high temperatures into trimetaphos- 
phate have not been substantiated. It is 
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possible that tlie structure of the anion contains 
an eight-membered ring with alternate P and O 
atoms. A cyclic structure would be consistent 
with its resemblance to sodium trimetaphosphate 
in possessing a well-defined ciystalline character, 
absence of the weak acid character associated 
with terminal groups of structure “(PO 4 ) 

(v. infra) and small power of complex-ion forma¬ 
tion \v» infra). 

Sodium M eta phosphate Glasses. —When a melt 
of composition NaPOg is rapidly chilled a trans¬ 
parent glass is obtained. In manufacturing 
practice this can be done by running a continuous 
thin stream of the melt at about 700°o. on to a 
pair of parallel internally water-cooled steel rolls 
which rotate slowly; the metaphosphato glass 
is squeezed into a thin brittle sheet in the narrow 
gap between the rolls. This glassy form 
{Graham's salt) was first reported by T. Graham 
(Phil. Trans. 1833, 128, 263), and has since been 
the subject of many investigations. It is often 
designated as sodium hoxametaphosphate. 
There is reason to believe that the solution 
obtained by dissolving the glass in water con¬ 
tains a mixture of polymers mostly of higher 
molecular weight than (NaPOg)^ (c/. O. Lamm, 
Arkiv Kemi, Min. Geol. 1944, 17, A, No. 25). 
Dialysis experiments by K. Karbe and G. Jander 
(Kolloid-lieih. 1942, 54, 1) lead to the conclusion 
that the polymerisation is much greater than 
sixfold, and is sensitive to the conditions of 
preparation, especially the temperature from 
which the melt is chilled, and the closeness of 
the composition ratio NaoOtPgOg to unity. 

The softening point of the glass is slightly 
above 600°c. It is extremely soluble in water. 
The solutions are comparatively stable when 
cold, but hydrolysis to acidic products including 
acid pyrophosphate and monosodiiim ortho¬ 
phosphate occurs to a substantial extent in a 
few hours at the boiling-point. Hydrolysis is 
catalysed by hydrion and hydroxyl ion, the 
stability maximum bein? a little on the alkaline 
side of neutrality. 

Molten sodium metaphosphato at 700°o. 
retains a small proportion of water for a long 
time. This is so even when the ratio of NagO 
to PgOg is accurately unity. On slow cooling, 
water vapour is evolved whilst crystallisation 
of sodium trimetaphosphate proceeds. It may 
be surmised that the water is combined and that 
the molten substance really contains polyphos¬ 
phates in which a minor proportion of the 
negative charges are neutralised by H+ ions. 
The glass obtained by rapid chilling of the melt 
retains some of the water. For every combined 
HgO molecule in a compound (NaP 03 )a;,(H 20 )y 
there must be formed two dibasic groups 
-(PO 4 ) , each with one ion attached, and 

this will have an acid strength of pK between 
i\ and 8 .' Actually, metaphosphato glasses with 
the correct NagO to PgOg ratio do give slightly 
acid solutions. Also, although the titration 
curve is essentially that of a strong acid (E. P. 
Partridge, Dual Service News, Hall Laboratories, 
Pittsburgh, 1937) deviations from the titration 
curve'of sodium trimetaphosphate, in the ex¬ 
pected direction, have been found (H. Rudy 
and H. Schloesser, Ber. 1940, 73 [B], 484). 

The description of polymeric meta- and poly¬ 


phosphates in terms of the electron-octet picture 
is suggestive. A chain in which the repeating 
unit is (POg)"* is easily formulated .with com¬ 
pleted octets on both P and O atoms, by intro¬ 
ducing the concept of electron pairs donated in 
the sense O -► P. But, were the substance 
exactly (NaPOgl^r, an open-chain polymer so 
formulated would have one end terminated by the 
group (PO4) and at the other end the group 
(POg) with 6 electrons in the outer shell of tlu^ 
P atom and zero net charge on the group. Join¬ 
ing the ends by an O P linkage gives a sym¬ 
metrical cyclic structure with all octets com¬ 
pleted, and eliminates the weak acid function of 
the terminal (PO4) group. Tho fact that 
“ weak acid ” behaviour is not found in the 
titration curves of sodium trimetaphosphate and 
sodium tetrametaphosphate is the main reason 
for ascribing to them cyclic structures, since an 
open-chain polymer will have at least one; 
—(PO4) group. Moreover, it seems not un¬ 
likely that tho terminal (PO3) group would im¬ 
mediately react with w^ater by co-ordinating 
oxygen, completing all octets, and forming the 
terminal group (PO4) (HI+) 2 . In this con¬ 

nection, it is interesting that attempts to prepare 
a monomeric HPOg or SI a POg have been un¬ 
successful. From this point of view true meta- 
phosphates exist only as cyclic structures. The 
titration curves of polyphosphates will approxi¬ 
mate more closely to tho curve for trimeta¬ 
phosphate as the chain length of the polymer 
increases, since tho proportion of “ weak acid ” 
groups is inversely proportional to the chain 
length. An attempt has been made to utUise 
the form of the titration curve to ascertain the 
chain length (0. Samuolson, Svensk Kem. Tidskr. 
1944, 56, 343), and, for Na PO3 glass, molecular 
weights of over 10,000 wore found. 

Pure metaphosphate glasses are not often used 
industrially; most of the commercial products 
contain a higher ratio of NaoO to PgOg than 
unity. For example, in England, tho IJ. 8 .A., 
and Germany a product known as “ Calgon ” 
has been widely used for the past ten years ; this 
usually has an NagOiPgOg mol. ratio approxi¬ 
mately 1 - 1 : 1 ; other metaphosphate glasses are 
marketed with a somewhat higher ratio. All 
these products must in the main consist of 
mixtures of polyphosphates, but they differ 
little from pure metaphosphate glasses in many 
respects. They have, however, practical advan¬ 
tages over the latter, being more rapidly 
soluble and developing acidity in solution more 
slowly. “ Calgon ” and similar condensed phos¬ 
phate glasses are marketed as “ plate,” which is 
the sheet glass broken into small pieces, or in a 
granular form, or ground to a powder. In all 
forms it is very hygroscopic. The applications 
of “ Calgonf' most of which depend upon an 
ability to form stable complexes with calcium 
and magnesium ions, are discussed later to¬ 
gether with the appUoations of other sodium 
metaphosphates and tripolyphosphate. 

Insoluble Sodium Metaphosphate {MaddreU 
Soli). —When monosodium phosphate is de¬ 
hydrated at a temperature not exceeding 400°o., 
the final product consists of a mixture of soluble 
sodium trimetaphosphate (which can be removed 
by washing) and an insoluble metaphosphate 
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possessing a characteristic X^ray pattern. The 
proportion of insol able metaphoaphate is very 
sensitive to the exact conditions of dehydration, 
and may vary in a seemingly capricious way 
from 5 to 98%. The relation between sodium 
trimetaphosphate and insoluble sodium meta¬ 
phosphate is not quite clear; the latter is cer¬ 
tainly rapidly converted into the former at 
temperatures above about 450°c., and there are 
indications that the reverse change occurs very 
slowly below about 410^0. 

Insoluble sodium metayjhosphate may be a 
mixture of more than one polymer, but there 
is no reliable evidence. Although frecjuently 
designated as sodium monometaphosphate this 
is certainly wrong. It must be a highly poly¬ 
merised form, because on dissolving by the aid 
of ammonium chloride {v. infra) a treacly phase 
separates on addition of alcohol, and this after 
washing to remove ammonium chloride redis- 
Bolvcs in water to give a viscous solution. It is 
sometimes referred to as Mnddrell salt^ having 
been prepared by K. Maddrell (Phil. Mag. 1847, 
[iii], 30, 322) by heating sodium nitrate and con¬ 
centrated phosphoric acid. The original pre¬ 
paration by heating monosodium orthoj^hos- 
phate w'as due to T. Graham {l.c.). The only 
substantial established application of insoluble 
sodium metaphoaphate is in dentifrice. 

A peculiar property of Maddrell salt is that 
although practically insoluble in boiling water 
(and only very slowly hydrolysed) it dissolves 
comparatively freely in the presence of salts of 
univalent cations other than sodium, for example 
potassium nitrate or carbonate, or ammonium 
chloride or nitrate ,• moreover a mixture of finely 
ground ]\Taddrell salt with insoluble potassium 
metaphosphate (the latter resembles Maddrell 
salt in method of preparation and insolubility 
in water) will gradually dissolve on boiling 
giving a solution of both sodium and potassium 
metajihosphates. Calcium ions in small pro¬ 
portion also increase the rate of passage into 
solution. The interpretation of these facts is 
not clear. The observation concerning the effect 
of potassium and ammonium ions was made 
by A. G. Taylor (B.P. 543218, 1940) whore 
it is also shown that the stability against 
hydrolysis of the dissolved metaphosphatc is 
higher than that of glassy metaphosphate. 

Knrrol Salt .—This is a remarkable form of 
sodium metaphosphatc, which may be de¬ 
scribed as insoluble, in a restricted sense. It 
was first mentioned by G. Tammann (J. pr. 


Chem. 1892, [ii], 45, 467) and attributed to a 
collaborator after whom it w’^as named. Knrrol 
salt is a fibrous crystalline substance, with a 
characteristic X-ray pattern. In cold water it 
very slowly swells, so that the asbestoa-like 
! crystals soften and pass into a gel, which ulti¬ 
mately disperses to a highly viscous solution. 
The presence in the water of small concentrations 
of ions other than sodium, e.g,, potassium, am¬ 
monium, or calcium, assists this process. 
Analogous behaviour has been described for in¬ 
soluble potassium ipetaphosphato, which is a 
substance more akin to sodium Knrrol salt than 
to Maddrell salt. In the presence of small con¬ 
centrations of sodium or ammonium ions, swell¬ 
ing of the metaphosphate occurs, and ultimately 
dispersion to a viscous solution (A. G. Taylor, 
l.c .; G.P. 743002, 1943, to H. Huber and H. L. 
von Beppert). The viscosity is much reduced 
by boiling before any substantial hydrolysis to 
pyro- and ortho-phosphate has occurred. In 
the cold, the solutions retain their high viscosity 
for months. 

Sodium Kurrol salt is not difficult to prepare 
even on a manufacturing scale if the conditions 
are properly adjusted. Sodium metaphosphatc, 
or materials which give it on dehydration (which 
may have a very slight excess of p 206 » hut must 
not have a deficiency), is melted, and allowed to 
cool at a moderate rate until solid. (I’oo rapid 
cooling gives glass, and too slow cooling gives 
trimctaidiosphato only.) A small proportion of 
Kurrol salt mixed with some glass and some tri- 
metapbosphato is the usual result. Prom this 
the Kurrol salt can be obtained by washing away 
the freely soluble motaphosphato. Repetition 
of the fusion and moderately slow cooling, but 
now seeding the molt generously with powdered 
Kurrol salt just before solidification begins, 
gives a largo proportion of well crystallised 
Kurrol salt. Once the melt has solidified, the 
further cooling should be rapid, to prevent trans¬ 
formation into trimotaphosphate. The reality 
of sodium Kurrol salt has more than on(?e been 
incautiously denied. An account of the prepara¬ 
tion and of some properties of sodium Kurrol 
salt is given by H. Huber and K. Klumpner 
(Z. anorg. Chem. 1943, 251, 213). 

Relations among the Sodium Metaphosphates .— 
The diagram below summarises the relations 
among those forms of sodium metaphosphatc 
the existence, except for sodium tetrameta- 
phosphate, and properties of wffiich have been 
established beyond question. Several other 
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forms have been reported, but their existoiuo is 
doubtful. The transforiiiatioii of trinietaphos- 
phate to Maddrell salt below 410°c. has been 
omitted from the diagram, as being still in need 
of confirmation. 

Sodium Tripolyjjhospliale .—This compound is 
often, and perhaps better, called sodium tri¬ 
phosphate. It is usually encountered as a finely 
divided anhydrous powder, which hydrates 
slowly to N , 6 H 20 by absorption of 

water vapour, but remains almost free-flowing. 
The hexahydrate is also formed by evaporation 
f)f the aqueous solution below about G 0 °c. 

Sodium iripolyphosphate was first reported 
by F. Schwarz (ibid. 1895, 9, 249), but its 
existence was doubted by many workers until 
confirmation was supplied by H. Huber (Angew. 
Chem. 1937, 50, 323) and K. R. Andress and 
K. Wiist (Z. anorg. Chem. 1938, 237, 113 ; 1939, 
241, 196). The work of E. L\ Partridge, V. 
Hicks, and G. W. Smith (J. Amer. Chem. Soc. 
1941, 63, 454), using A-ray and thermal analysis 


methods, has brought enlightenment about the 
conditions of formation and stability of sodium 
tripolyphosphatc ; their results have recently 
been confirmed by G. W. Morey and E. Ingerson, 
using optical methods (Amer. J. Sci. 1944, 242, 
1). The situation is most easily understood in 
terms of the phase diagram of Fig. 10, taken from 
the paper of E. P. Partridge el al. Composition 
for any system in the range N to 

Na 20 :P. 205 = 1:1 is expressed in terms of the 
comjKments Na^PgO^ and NaPO.j, the per- 
(‘(‘ntago by weight of Na 4 P 207 being plotted as 
abscissae; thus NasPgOjo appears at 72*3% 
Na 4 P 207 . It will be seen that on cooling a 
melt which has the empirical composition of 
Na^PgO^Q, Na 4 p 207 separates first, leaving a 
liquid richer in NaPOg ; to obtain pure sodium 
tripolyphosphate, the melt should bo cooled 
slowly from the peritoctic temperature of 622'"c. 
down to about 550°c., so that the crystals of 
Na 4 P 207 have time to rcdissolve in the remain¬ 
ing liquid as it becomes progressively richer in 
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NaPOg. If the cooling in this temperature 
range is too rapid, the product contains much 
crystalline Na 4 P 207 and glassy material rich 
in P 2 O 5 . When the proportion of true sodium 
tripolyphosphate is high, the solid breaks up 
into a powder as cooling towards ordinary 
temperature proceeds; doubtless this is caused 
by a polymorphic change discovered by E. P. 
Partridge et al. (l.c.). 

Sodium Tetrapolyphosphate {Sodium Tetra- 
phosphate ).—In the literature and in patents 
there are numerous references to sodium tetra- 
polyphosphate, but it is generally believed now 
that no true compound of formula NagP 40 i 3 
has yet been isolated. Commercial phosphate 
glasses referred to as sodium tetrapolyphosphate 
have the same uses as “ Calgon.'^ 

Calcium Complexes formed by Meta¬ 
phosphates and Polyphosphates. — The 
property, possessed by solutions of glassy sodium 
metaphosphate, of forming stable complex ions 
with calcium and magnesium was discovered 


and utilised by Iv. E. Hall {see R.P. 424677 and 
424959, 1935, to Hall Laboratories Inc., of 
Pittsburgh). The stability of the (complex ions 
is such that calcium salts as little soluble as the 
oxalate and carbonate, and some calcium soaps, 
are dissolved by dilute metaphosphate solutions. 
The property of forming such (anionic) com¬ 
plexes is shared by all the sodium meta- and 
poly-phosphate glasses, and by the solutions, 
described above, of Maddrell salt and sodium 
Kurrol salt. It is also possessed by sodium tri¬ 
polyphosphate. The term “ sequestering ” in¬ 
troduced by Hall Laboratories to designate the 
virtually complete elimination of ions 

whilst retaining the calcium in solution in the 
form of a soluble complex, has become current 
in relevant United States and English industrial 
literature. The sequestering action is not con¬ 
fined to calcium and magnesium, and it is used 
to suppress other unwanted ions in special appli¬ 
cations, such as bivalent copper. Ferric iron is 
sequestered (for example the ferric thiocyanate 
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complex is decolorised by metaphosphate), but 
the stability of the inotaphosphato ferric complex 
is not sufficient to prevent precipitation of ferric 
hydroxide if the pH is high. As a qualitative 
description of the ac-tion upon calcium ions, one 
part by weight of Ca*"^ is sequestered by 
approximately 14 parts of (NaPOglx, the 
criterion of the elimination of Ca++ ions being 
the usual soap-lather test. 

As an order-of-magnitude measure of the 
stability of the calcium (iornplexes, the dissocia¬ 
tion constant at 25*^c. of the complex ion con¬ 
sisting of Ca+'^' sc(|uestered by sodium tripoly- 
phosphato is 3x10“'^ g.-mol. litre“b The 
experimental method used was measurement of 
the solubility of calcium oxalate in dilute 
sodium tripolyphosphate solutions. Determina¬ 
tions of the effect of sodium trii)olyphosphatc 
upon the potential of a zinc electrode gave a 
value of K for the zinc cornidex of the same order 
of magnitude. Thus the addition of 2 milli- 
mola. of N ^5^3^10 to a solution of 1 milliniol. 
of in a litre reduces the freeCa^'^' ion 

concentration to 0-03% of its original valiKi. 
The measurement was made in a solution 
adjusted to pH 11. Pure sodium metaphosphate 
glass, in a solution of pH 10, forms an even more 
stable calcium complex than NagPgOjo at 
pH 11. When the sequestering agent is a poly¬ 
phosphate, the action is much more pronounced 
in alkaline than in neutral or slightly acid solu¬ 
tion ; with substantially pure metaphosphate 
the efl’ect of high pH is much less. If the sug¬ 
gestion is acceptable that the (iomplexes are 
merely an extreme case of “ ion association ” by 
electrostatic attraction, the stronger pH effect 
with tripolyphoaphato is readily explicable. 
Twa^ of the five negative charges of the 
f'-^don are associated with acidic 
functions having dissociation constants com¬ 
parable with 3x10“^, so that hydrogen ion 
competes effectively with Ca+'*' ion for the 
available negative charge. The converse, i.e., 
a decrease of pH when is sequestered, also 

occurs. That this pH effect is much less con¬ 
spicuous with pure glassy metaphosphate than 
with polyphosphate, is in accordance with the 
much higher dissociation constant of the 
hydrogen icm from the singly charged POj” 
groups of a metaphosphate polymer. 

In support of the view that electrostatic attrac¬ 
tion offers a sufficient explanation of the force 
responsible for the sequestering effect, attention 
is drawn to the circumstance that the meta- 
and poly-phosphates in question are essentially 
flexible structures carrying a multiplicity of 
negative charges. Such structures can adapt 
themselves with little strain so that two or more 
of the' seats of negative charge lie in close 
proximity to a positive ion. With bi-bivalent 
electrolytes such as calcium sulphate or zinc 
sulphate there is little doubt that association 
into ion pairs as envisaged by N. Bjerrum does 
occur to a substantial extent. Estimates of the 
dissociation constant K have been made for 
zinc sulphate, ranging from 0-003 to 0-005 g.-mol. 
litro"’^ {see H. Harned and B. B. Owen, “ The 
Physical Chemistry of Electrolytic Solutions,*’ 
Reinhold Publishing Corporation, 1943, p. 426). 
If the sulphate ion is replaced by a flexible 
VoL. IX—33 
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multiply charged anion such as tripolyphosphato 
03 P 0 (P 02 )OP 07 ~, it is d fortiori to be 
expected that bivalent cations will form as¬ 
sociated ion pairs. Since the anion now has its 
cljargo distributed over more than one centre, 
the expression relating K to the^ valency fac tor 
I ^1^52 I m N. Bjerrum's theory is not directly 
applicable. However, the electrical contri¬ 
bution to the free energy may be at least twice 
as large as wdth a bi-hivalont ion pair, whilst 
the main factor favouring the dissociated state, 
namely, the entropy increase on separation into 
two independently moving ions, is not very 
different whetlior the anion is sulphate or a meta- 
or poly-phosphate ion. Further consideration 
of this situation shows that there is no diffioulty 
in understanding, qualitatively at least, tlio 
sequestering of hi- or poly-valent cations in 
terms of the simple picture of association into 
ion pairs, in which the only source of energy 
balancing the entropy increjase on dissociation 
derives from the; mutual electrostatic attraction 
of the opposite charges. Univalent cations, on 
the same basis, will he associated in ion pairs 
with the polyphosphate ion to the e.xtent of a 
few j)er cent, only; this is in agreement with 
the absence of appreciable sequestering of silver. 

An important factor affecting the usefulm’ss 
of meta- and poly-phosphates is their liability 
to slow hydrolysis. Hydrolysis of the meta- 
or poly-phosphate complex anions to pyrophos¬ 
phate and orthophosphate sets free calcium, 
wdiich may precipitate out either as calcium 
pyrophosphate or orthophosphate or hydroxy¬ 
apatite, or as some other very insoluble com¬ 
pound such as a calcium soap. In most in¬ 
dustrial applications of sequestering, the water 
is alkaline, and hydrolysis depends upoii attack 
by OH~. The association of Ca+'^ with the 
mota- or poly-phosphate anion would bo 
expected to low^er the activation energy of the 
hydrolytic reaction in virtue of the reduced 
electrostatic repulsion exerted by the complex 
ion upon the OH"'. Moreover, an amount of 
calcium much loss than could be sequestered by 
the complex phosphate present might be effective 
in increasing the hydrolytic instability of the 
whole, since it will be continually re-sequestered 
to act as a catalyst for hydrolysis until there is 
no longer sufficient complex phosphate left to 
hold in solution even the small quantity of cal¬ 
cium. Experience amply confirms this expecta¬ 
tion for alkaline solutions. In metaphosphate 
solutions adjusted to lower pH values than the 
pH of the hydrolytic stability maximum, similar 
small proportions of calcium would not be 
expected to have any appreciable effect. The 
hydrolytic attack is then by HoO"*’, and the only 
result of the sequestering will be to increase the 
hydrolytic stability of a small fraction of the 
complex phosphate present. Such evidence as 
is available verifies this prediction also. 

Uses of Sodium Metaphosphates and 
Polyphosphates.—When sodium meta- or 
poly-phosphato glass is added to hard water the 
virtually complete elimination of free and 

ions is equivalent to softening the water. 
Use is made of this in many detergent operations 
where hardness of the water would reduce the 
effectiveness of soap and alkalis. Moreover, in 
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textile and laundry proeessing, deposits already 
formed can be removed, and “ Calyon ” is used 
in rinse water for this i)urpose. 

Several applications dc])end upon the surface 
adsorption of meta- or poly-phosphates. In¬ 
soluble solids are deflocculalod, so that finely 
divided pigments and clays and abrasives can 
be dispersed. Very small concentrations (in 
the range 0-25-l() p.p.m.) of “ Calyon ” have a 
remarkable power of delaying the growth of 
crystalline precipitates from solutions flui)er- 
saturated with resj)ect to calcium carbonate 
{v, R. F. Rcilcmcier and T. F. Buchren, J. 
Physical Chem. 1940, 44, 535). This efl'ect, 
which is dilfenmt in nature from the permanent 
sequestering of calcium, is used to avoid for¬ 
mation of scale when wat ers of high temporary 
hardness are lieated, as in hot-water systems 
and condensers. Similarly, hard winters can 
1)0 stabilised against the formation of scale 
when alkalis are added, and advantage is taken 
of this in cases such as the partial softening of 
domestic water supplies by lime when “ after- 
precipitation ” is to be avoided ; in the wayside 
treatment of locomotive feed waiters with sodium 
carbonate; and the addition of ammonia 
before chlorination. The separation of iron 
compounds out of well waiters containing ferrous 
bicarbonate in solution is prevented by adding 
about twice as many parts per million of 
“ Calyon ” as there are of-iron in the w^ater. In 
the technical lilerature of w ater treatment, this 
acition of sodium rnetaphospliate and polyphos¬ 
phates is referred to as the “ threshold effect,’' 
])resumably to distinguish it from the “ se¬ 
questering effect ” w'hich normally operates at 
much higher concentrations. The distinction 
in principle between the two is that the former 
acts by retarding the rate of an unwanted pre¬ 
cipitation, the latter eliminates it by establishing 
a new equilibrium state. 

An interesting application of sodium meta- 
phosphate in “ threshold ” concentrations is the 
protection of metal surfa(!es by the formation of 
corrosion-inhibiting films. Besides iron and 
steel, zinc, copper, brass, aluminium, and lead 
can be given a considerable degree of protection 
from corrosion by a few parts per million of meta¬ 
phosphate glass dissolved in the water. The 
conditions and the problems of municipal and 
industrial raw water supplies are very varied, but 
to an increasing extent “ threshold treatment ” 
is being tried for control of corrosion of water 
pipes and tanks, or for a combination of corrosion 
control and retardation of deposition. Numerous 
accounts of the “ threshold effect ” have ap¬ 
peared, particularly in journals devoted to water 
treatment; summaries and further references 
will be found in papers by G. B. Hatch and 
0. Rice (Ind. Eng. Chem. 1939, 31, 51 and 58; 
1940, 32, 1572 ; 1945, 37, 710, 752; O. Rice and 
E. P. Partridge, ibid. 1939, 31, 58). See also 
E. G. B. Gledhill and A. W. H. McCanlis (J. Inst, 
of Water Engineers, 1944, pp. 278-359); also 
Committee Reports (J. Amer. Water Works 
Assoc. 1941, 33, 1634; 1942, 34, 1807) and H. 
Jngleson and G. Thomas (Water and Water 
Engineering, 1946, 14). 

Phosphate conditioning of feed water for 
prevention of scale deposition in high-pressure 


boilers is sometimes done with sodium meta¬ 
phosphate instead of di- or tri-sodium phosphate, 
when the conditions are such that metaphos- 
pliate will pass through the feed lines and heat 
economisers without premature deposition of 
calcium xdiosphate. In the boiler it is rapidly 
hydrolysed to the required orthophosphate, and 
a non-adherent boiler sludge is produced instead 
of hard scale. A discussion of the chemical 
conditioning of boiler-water treatment, including 
different w'ays in which various phospliutes arc 
used, has been giv(‘n by C. W. Tod (Proc. Chem. 
Eng. Group, 1936, 18, 52). For a more general 
review of the use of phosphates in water con¬ 
ditioning, with an extensive bibliograx)hy, sec. 
C. Schw'^artz and C. J. Muiitcr (Ind. Eng. Chem. 
1942, 34, 32). 

IX. PllOSPlllDES. 

Hydrogen Phosphides.--The most im¬ 
portant are PHg, P 2 H 4 , and Pv^Hc’ 
others have been reported. 

Phosphine, PH^. Preparaiioyi .—Tlie most 
convenient laboratory method is the decom¬ 
position of phosphonium ioditic (?;. infra) by 
dilute aqueous alkali. The gas contains tracers 
of P 2 H 4 , hydrogen, and hydrogen iodide, the 
latter despite the use of alkali in the water. 
Purification is by bubbling through concentrated 
hydrochloric acid (to remove P 2 H 4 ), then strong 
caustic soda solution to remove traces of acid ; 
the gas is dried b}^ calcium chloride follow'cd by 
phosphorus pentoxide. Traces of hydrogen are 
removed if necessary by condensing the phos¬ 
phine by liquid air and pumpiTig off.. For larger 
quantities the best method is treatment of 
mixed magnesium-aluminium phosphide (c. 
infra) with water: 

Mg.,P 2 , 2 AIP+ 12 H 20 

- 4 PH 3 i-3Mg(OH)2 l 2AI(OH).,. 

The water is slowly dropiied on to the phosphide. 
The gas evolved is not spontaneously in¬ 
flammable before drying. After drying it con¬ 
tains over 90% of PH 3 , the remainder being 
hydrogen. An alternative to the use of mag¬ 
nesium-aluminium phosphide is the use of 
aluminium phosphide alone {see C. Matignon, 
Compt. rend. 1900, 130, 1393); it is then 
neeessary to use dilute sulphuric acid, with risk 
of hydrogen production from any free metal 
present. 

Spontaneous Inflamrnabilihj .—Some of the 
applications of phosphine or of phosphides from 
whicli phosphine is generated depend upon the 
property of spontaneous inflammability. Bure 
dry phosphine is spontaneously inflammable in 
air (^ecM. Ritchie, Proc. Roy. 8 oc. 1930,*A, 128, 
561; also C. C. Stephenson and W. F. Giauque,, 
J. Chem. Physics, 1937, 5, 149). Moist but 
otherwise pure phosphine does not ignite w^hen 
mixed at atmospheric pressure and temperature 
with air; if the pressure is reduced, the mixture 
explodes. Phosphine which contains a small 
percentage (upwards of 0 * 2 %) of P 2 H 4 is 
spontaneously inflammable, and this is the 
reason for the self-ignition of the gas prepared 
by the action of water upon commercial calcium 
phosphide and certain other metallic phosphides, 
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notably sodium phosphide containing a high 
proportion of combined phosphorus. It should 
bo remarked tliat the P 2 H 4 is removed if the 
gas is allowed to bubble through any consider¬ 
able depth of waiter. Moist but otherwuse pure 
phosphine ignites in air on contact wdth a surface 
above about 100‘^c. A useful device for impart¬ 
ing the property of self-ignition to a stream of 
jihosphine is to add to it a small percentage 
(0-1-1%) of nitric oxide. The mixture must be 
freshly piepared, bei-aiise the gases slowdy reac:t. 
P 2 H 4 should bo absent; it is probable that NO 
and P 2 H 4 are mutually destriictivii. 

Phosphoni a m (Jompo wnds.— -I^hosiihino com- 
bines wdth hydrogen chloride, bromide, and 
iodide to form phosplioniurn halides of the 
type PHjI. These are rather unstable sub¬ 
stances having dissociation pressures equal to 
1 atm. at approximately —30^'c., and 

+ V0°c., rc 8 j)ectively. Phosphonium iodide is 
conveniently made by dropping w’^ater (00 g.) 
on to ihe solid product obtvained by the action 
of 100 g. of w^hite phosidiorus on 175 g. of iodine 
in carbon disulphide solution and distilling off 
the solvent. It sublimes in largo transparent 
crystals, which fume in moist air. 

Toxicity of Fhosphme .—Phosphine is a highly 
toxic gas and special care is needed in handling 
zinc, (calcium, magnesium, aluminium, and 
sodium phosphides, and also ferrophosphorus, 
which react with moisture and evolve phosphine. 
The odour provides a warning since the normal 
person can detect 1-10 p.p.m., and it is at the 
level of 10-100 p.p.m. that danger of poisoning 
arises. Xhe symptoms of acute phosphinii 
poisoning are biliousness, weakness, and cold 
sweat, usually followed or accompanied by 
stupor, depression, and thirst. It is reported 
(F. Flury, Anz. Schadlingskundo, 1937, 13, 26) 
that phosphine acts on the central nervous 
system and that death is usually due to paralysis 
of the respiration. No evidence exists to show 
that phosphine poisoning can be chronic; on 
the Other hand W. Muller (Arch. exp. Path. 
Pharm. 1940, 195, 184) declares that in the case 
of rabbits the poisoning is cumulative. 

Properties .—Phosphine is a colourless gas, 
condensing to a liquid, b.p. --87-72°o. The low- 
temperature thermodynamic proiicrties have 
been carefully studied by several authors, in 
particular by C. C. Stephenson and W. F. 
Giauque (J. Chem. Physics, 1937, 5, 149). 
Four different forms of solid phosphine are 
known, the melting-point of the form stable at the 
highest temperature being 139*35 °k. under the 
triple point pressure of 27-33 ram. Slow intercon¬ 
version of two of the low-temperature forms 
made possible an excellent verification of the 
Third Law of Thermodynamics. 

Vapour-pressure Data .—For solid phosphine : 

logioP (mm.)-7*86434--895-700/T 

fdr 128-67139-35 (triple point). For 
liquid phosphine: 

logiol^ (mm.)-10-73076-l,027-300/r 

-0-01785307% (2-9136 X 10--5)T2 

for (triple point) 139-36<186*562. Above 
the boiling-point the vapour pressure, according 
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to “ International Critical Tables,*’ Vol. Ill, 
1928, is: 

CC. . -87-5 -60 -30 0 -( 10 

i>(atni.) 100 3 47 <J-7 21-6 27-4 

Cc. , 4 20 -1.30 -1-40 H-.'') I (critical temp.) 

(atm.) 34-2 42-3 r>10 64 (critical pressure) 

Soluhiliiy .—Water at room temperature dis¬ 
solves about one-quarter of its own volume of 
Iihosphine at atmospheric pressure. The density 
of liijuid phospliiue is given by 0-693 
-( 6 x 10 -*)/, for* -]06<rc.<-8() (“Inter¬ 
national (b-itieal Tables,” Vol. ITT, 1928). 

The free energy of formation of phosphine 
fi-om its elements is important in connection 
with the possible industrial interest of the re- 
ai-tion between phosplK)riJs and water, giving as 
desirable products phosphoric acid and hydrogen. 
Ex'pcriinental determinations of the equilibrium: 

4P (red)+6H2^4PH3, 

w-ere made by W. N. Tpatiev and A. W. Frost 
(Her. 1930, 63 [B], 1104). The data have been 
analysed by 1). P. Stevenson and D. M. Yost 
(J. (3hem. Physics, 1941, 9, 403) with the aid of 
molecular constants available in the literature, 
and summarised in their paper. Rringing into 
account also the vapour pressure data for red 
and white phosphorus, Stevenson and Yost’s 
interpretation of the data gives for the gas phase 
reaction; 

P 4 (g-) l■6H2(g.)=4PH,(g.) 

■K'p-'/pHj/(PP 4 x/h 2 )-=Ix (atm.)-3at354^o. 

and 1*9x10“^^ (atm.)~^ at 498^^0. Calculation 
for 25°o. gives the standard free energy change 
for the reaction: 

P (solid, wdiite)-f (g.)""-PH 3 (g.) 

as 3,140 g.-cal. per g.-mol., so that, so 

far as equilibrium data are concerned, there is 
a definite tendency for white phosphorus to 
combine with hydrogen at ordinary temperature 
and pressure. D. P. Stevenson and 1). M. 
Yost (l.c.) tabulate values of (ii®—/ij) and 
—(G®—7/J)/T for graduated temperatures from 
298-1-1 ,500°k. 

A rather complete summary of these and other 
physical properties of phosphine ig given by 
1). M. Yost and H. Russell, “ Systematic In¬ 
organic Chemistry of the Fifth and Sixth Group 
Non-metallic Elements,” Prentice-Hall, Ine., 
1944, pp. 245-248. 

Tetrahydrogen Diphosphide, P 2 H 4 .—This 
hydride, which is a liquid, b.p. 68 °c., can be con¬ 
densed out of the (dried) impure phosphine 
obtained by acting on commercial calcium phos¬ 
phide (q.v.) or by acting on white phosphorus 
with strong warm caustic alkali solution. The 
preparation and properties are described in detail 
by L. Gattermann and W. Hausknecht (Ber. 
1890, 23, 1174), It is unstable and decomposes 
slowly into phosphine and the hydride P„H,. 
Its practical importance in connection with the 
self-ignition of phosphine has been referred to 
above. It seems, at least between 12° and 16°c., 
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that the foefneioni- of expansion is negative, 
'fhe vapour densily agrees with the formula 

P.H^. 

Solid Hydrogen Phosphide, Pi2Hg. —This 
is obtained as a ennary-j'ellow j^owder. In a 
more or less impure form it appears as a by- 
])roduet of many reactions. The commercial 
nudhod of prej)aration is by the action of hydro¬ 
chloric acid upon commereijil calcium phosphide. 
The product is impure ami contains calcium. 
In the early years of the pn>sent century it was 
manufactured on a small scale in England, with 
a view to its possihlo use as a material for match 
manufacture, but it did not compote econom¬ 
ically with phosphorus sosquisulphidc. The 
ignition temperature in air is 150-2()0^’c. It has 
been suggested (P. Roycn and K. Hill, Z. anorg. 
Chem. 11)30, 229, 97; P. Roycn, ibid, 369) that 
solid hydrogen phosphide, prepared by the 
reaction 15 P 2 H 4 ^^ISPHgd P, 2 ^ 6 ’ reality 
consists of a new amorphous form of phos¬ 
phorus with adsorbed phosphine. 

Solid phosphorus hydride is insoluble in most 
liquids, hut it dissolves in P 2 H 4 , and in molten 
white phosphorus. The formula Pi 2 Hg is based 
on a molecular weight determination itj molten 
phosphorus. It decomposes on heating, giving 
})hosphinc and phosphorus. 

Sodium Phosphides.—The sodium phos¬ 
phides described in the literature are claimed to 
bo NaP,, NaaPj, and NagP. NaPg is made 
from the clenients in the pnisence of gaseous 
ammonia at a low temperature (C. Hugot, 
Rompt. rend. 1895, 121, 200). NagPs is made 
from the elements by reaction in vacuum at 
450®c. (L. Hackspill and II. Bossuct, ibid, 1912, 
154, 209). NagP is made from NaHgP by 
heating to drive off PHg (A. doannis, ibid, 1894, 
119, 557). 

Sodium phosphide has been used as the active 
constituent of sea-hares {v. infra). The per¬ 
centage of phosphorus varies from 20 to 00%, 
according to the purpose for which the phos¬ 
phide is required. The compounds of low 
phosphorus-content contain two distinct tyi)cs 
of solid, whilst materials c(jntaining 30-00% of 
])hosphorus have a shiny blue-black cTystalliiie 
appearance. 

These phosphides are made commercially by 
direct union of the elements. Unless the phos¬ 
phorus content is very low the whole mass 
becomes fluid due to the heat of reaction. The 
product is removed from the reaction vessel 
under oil, since sodium phosphides inflame in 
damp air. 

Magnesium Phosphide, Mgo^Pg.—This 

material (or the mixed MgjPgj^AIP) is made 
commercially by applying a local hot-spot to 
an intimate mixture of the theoretical propor¬ 
tions of metal powder and red phosphorus con¬ 
tained in an iron vessel. The reaction spreads 
through the whole mass, which becomes bright 
■ red-hot {ftee E. Bodroux, Bull. Soc. chim. 1^2, 
[iii], 27, 568). The product is a shiny yellowish- 
grey fused crystalline mass which is stable in 
dry air but is slowly decomposed by damp air 
into phosphine and magnesium hydroxide. It 
will evolve about 50% of its weight of almost 
pure phosphine on reaction with water. 
Aluminium Phosphide, AlP. —Prepared in 


much the same way as lVlg 3 P 2 {see Fonzes- 
Diacon, Coinpt. rend. 1900, 130, 1315). Its 
main interest lies in its use in fumigation, 
V. infra. 

Calcium Phosphide.—The calcium phos- 
})hide of commerce is made by heating quick¬ 
lime in phosphorus vapour; it contains a sub¬ 
stantial proportion of calcium phosphate. The 
product is a brown solid which contains up to 
25% by weight of combined pluisphorus and 
will evolve about 10 % of its weight as phosphine 
and P 2 H 4 when treated with water. 

Zinc Phosphide. —Zinc phosphides contain¬ 
ing various proportions of zin (5 and phosphoims 
are mentioned in the literature, but the only 
one commercially available is ZnjPg. It is 
made by heating an intimate mixture of zinc 
powder and rod phosphorus. The reaction is 
highly exothermic. The product is a dark grey 
powder which reacts only very slowly with 
\\ ater, bxit rapidly with mineral acids, evolving 
j)hosphirie. 

Iron Phosphides.— -The four phosphides of 
c.stablishcd composition are FegP, Fe2P, FeP, 
and FePg ; all are hard, brittle, dark-grey solids. 
The forrophosphorus of commerce does not con¬ 
form exactly to any of the above formula' but 
usually contains 20-27% of P and is best con¬ 
sidered as being mainly FCgP with some FeP. 
The remaining 70-80% is mainly iron, the major 
impurity being up to 2% of silicon. It is 
obtained as a by-product in phosphorus manu¬ 
facture {q.v.). It is used as an auxiliary material 
in the manufacture of steel. 

Properties and Uses of Phosphides.— 
The commercial value of the phosphides of 
sodium, potassium, magnesium, aluminium, cal¬ 
cium, and zinc lies in their ability to react with 
water to evolve a mixture of phosphine and 
hydrogen; tliis reaction is vigorous except in 
the ease of aluminium and zinc phosphides. 
The gas is spontaneously inflammable in air in 
the case of the phosphides of sodium, potassium, 
and calcium as usually made, and this is due to 
traces of P 2 H 4 and possibly higher hydrides. 

The gas evolved by the action of water on the 
phosphides of aluminium and magnesium (and 
from the mixed phosphide of these two metals 
which is manufactured commercially) is much 
purer, containing 96-98% of PH 3 , the remainder 
being mainly hydrogen. This gas is not spon¬ 
taneously inflammable in air but becomes so 
when about 0 -l- 10 % of nitric oxide is mixed 
with it. The principle of admixing nitric oxide 
with phosphine has been applied in certain sea- 
flarea since the reaction of sea-water with 
magnesium phosphide or magnesium-aluminium 
phosphide is the most efficient method known 
of producing phosphine for this purpose. The 
phosphine produced from devices of this kind 
bums in air to give (hydrated) phosphorus pent- 
oxide and water vapour, 

2PH3-|-402->P206+3H20, 

the smoke and the highly luminous phosphine 
flame being visible by day and night, respectively. 

Aluminium phosphide has b^n used fairly 
extensively in fumigation. This is particularly 
so in Germany where technical aluminium phos¬ 
phide is sold as “ Delicia.'' Fumigation foy 
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weevil in grain ia done by burying packets of 
phosphide in the grain for periods of 12-24 
hours and then recovering the packets by pull¬ 
ing long strings to which they are attached. 
The phosphide slowly evolves phosphine and is 
converted to aluminium hydroxide ur^der the 
damp conditions prevailing. Fatal poisonings 
have occurred when granaries and dwelling 
houses have possessed a common wall through 
which phosphine has penetrated {v, Toxiedty of 
l*hosphine, p. 515fl). 

yiinc phosphide is used as a rat and mole 
poison and general vermin destroyer. 

X. PHOSPHOIUJS HALIDES. 

The number of possible phosphorus halides is 
considerable because of the existence of mixed 
halides. The following list contains those 
reported as definite : j 



M.p., 

B.j)., +. 

Trilialides : 



PFg .... 

- 152 

-101 

PCI 3 .... 

112 

+ 74 

PBPj .... 

-40 

+ 175 

PI 3 . 

+ 61 

dccomp. 

PFoCI .... 

144-0 

+ 13-9 

PFoBr . . . 

-133-8 

-16-1 

PFCI.2 .... 

- 164-8 

-47-3 

PFBrg . . . 

- 115-0 

+ 78-4 

Peniahalidos; 



PFg ... . 

-83 

-75 

PCI5 .... 

+ 166-8 

decoinp. 

PBr, .... 

decomp. 

de{-om[). 

PF,Cl2 . . . 


-8 

PFjBr^ . . . 

-20 

dccomp. 

PF,l2 .... 

— 

— 

PCIjBr . . . 

— 

— 

PCIjBrj . . . 

+ 3-5 
(decomp.) 

dccomp. 

PCIaBrg . . . 

— 

— 

Di- or Tetra-halides: 



(PCUU . . . 

-28-0 

dccomp. 

P2I4 .... 

+ 124-5 

dccomp. 


A few higher halides, such as PCIgBr^, 
PCIgI, PCIgBr^, PBr^, are also known. 

Structure and Molecular Constants.— 
The structures of some of these compounds have 
been determined, mainly by electron diffraction. 
Summarising tables of interatomic distances, 
bond angles, and vibration frequencies are given 
by D. M. Yost and H. Russell {op, cit., pp. 238- 
240). Additional data have been determined 
by J. H. Secrist and L. 0. Brock way (J. Araer. 
Chem. Soc. 1944, 66 , 1941). PFg, PCI 3 , and 
PBrg are pyramidal molecules having P- 
halogen distances respectively L52, 2*00, and 
2*23 A. and halogen-P-halogen angles respec¬ 
tively 104°, 101°, and 100°. PCIg is a trigonal 
bipyramid CI(PCl 3 )CI with the equatorial 
P-Cl distance 2*03 and the axial distance P-CI 
2*12 A. The PFg molecule is similar to the 
PCIg molecule; the average P-F distance is 


about 1*57 A. PFgClg is also a trigonal bi¬ 
pyramid, the two Cl atoms being axiall}'^ 
situated with P~CI equal to 2*05 A., whilst the 
P~F distance is L.'IOa. Generalising from the 
few examples studied, the P-halogon distances 
in mixed halides do not difl'er much from those 
in the corresponding simple halides. 

AT-Ray analysis of the crystal structure of 
solid PCI 5 shows that the bipyramidal form of 
the isolated molecule in the vapour phase does 
not persist in the solitl state. The unit (!oll of 
the crystal is tetragonal and contains two 
tetrahedral PCIJ' ions and two octahedral 
PCI^ ions (L). (dark and H. M. Powell, and 
(independently) A. F. Wells, J.0.8. 1942, 642). 
It is interesting that a saturated solution of 
PCI 3 in nitrobenzene has a considerable olo(!- 
trical conductivity (G. W. Holro 3 al, H. Chad¬ 
wick, and .1. E. if. MitchcU, ibid. 1925, 2492). 

Chemical Properties.—Halogen atoms com¬ 
bined with })]iosphoru 8 interchange r( 5 adily. 


For example, the reactions : 

SPF^Br 2 PF 3 +PBr 3 .(a) 

PFg-fPCIg^ PF 3 CI+PFCI 3 .... ( 6 ) 


5PF3CI2 (gas)- 3 PF,, (gas)+ 2 PCl 3 (solid) (r) 

SPFgBrg (liquid) 

3 PF 5 (gas)f 2 PBr 5 (solid) . (d) 

are observable (a) at •“78°c., (b) below 400°c., 
(c) at lOtPo., and (d) at room temperature. The 
following references to work on the mixed 
halidc.s will bo found useful: Priiivault (Compt. 
rend. 1872, 74, 868 ); (b l\mlenc (Ann. (jhim. 
Phys. 1891, [vi], 24, 548); 11. Moissan (Compt. 
rend. 1885, 100, 1348); H. 8 . Booth et al. 
(J. Amor. (diem. 80 c. 1939, 61, 2927, 2934). The 
usual method of making tJie phosphorus halo- 
fluoridos is fluorination of PCI3 or PBrg with 
antimony trifluorido or calcium fluoride; a 
small proportion of antimony pentachlorido is 
added to the PCI3 as a catalyst for the chloro- 
lluoridcs, and bromine as a catalyst for the 
bromofluorides. The thermal stability of the 
trihalidcs decreases as the atomic weight of 
the halogen increases. PI.) readily decomposes, 
whilst PFg is an extremely stable gas. How¬ 
ever, the great strength of the covalent bond 
between fluorine and many other olemonts 
results in the occurrence of some reacflons of 
PF 3 which are not shared by the other halides. 
Examples are: 

PF 3 + 3 H 2 -PH 3 + 3 HF 
4PF3f3Si-3SiF4 i P^ 

In respect of the dissociations PXg ^ PXgf -Xg, 
the stability decreases as the atomic weight in¬ 
creases. Thus PFg is formed with flame when 
PFg and fluorine are mixed. It has been re¬ 
ported that tho reaction 5 PF 3 “ 3 PF 5 - 4 -^P 4 
takes place in the silent electric discharge. 
PCI 5 is somewhat dissociated in the vapour 
state, even at the temperature of sublimation 
of tbe solid, ]59”c. PBrg ia considerably dis¬ 
sociated into PBrg and bromine in solution at 
room temperature, and Pig is unknown. The 
mixed trihalidcs add two halogen atoms under 
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the same range of conditions as the simple 
trihalides. 

Hydrolysis by water is rapid with the tri¬ 
halides except PFg, which is comparatively 
slowly attacked; phosphorous acid and the 
hydrogen halide are formed. The pentahalides 
are vigorously hydrolysed by water, forming 
first the oxyhalicles, then phosphoric acid and 
the hydrogen halide. With PFg, di- and mono- 
fluophosphoric acids, HPOgFg and H-^POgF, 
are formed as intermediates in the furtlier 
hydrolysis of phosphorus oxyfluoride. 

Phosphorus Trifluoride, PFg. Preperm- 
tion .—Two reactions which are reported to give 
satisfactory results were developed by H. 
Moissan. (i) The reaction of arsenic trifluoriile 
with phosphorus trichloride (Compt. rend. 1885, 
100, 272): 

AsFg-j- PClg- ASCI34 PFg 

The arsenic fluoride is allowed to drop into the 
j)hoHphorus trichloride. The stream of PFg 
passes through a condenser at — 50*^0., then 
through wash bottles containing successivtdy 
water and sulphuric acid. The gas is then con¬ 
densed by liquid air and fractionated, (ii) The 
reaction of lead fluoride with co})pcr phosjdiide 
(Ann. Chim. Phys. 1885, [vi|, 6, 433). Equal 
weights of perfectly dry lead’- fluoride and 
powdered copper phosphide (25-30% P) arc 
heated to redness in a brass or copper vessel. 
The stream of PFg is i)urifled as in (i). The 
dry gas can bo stored over morc\iry in glass 
vessels. 

Phosphorus Pentafluoride, PFg. Prejmra- 
tion .—The simplest pro])aration utilises the 
reaction by wdiich T. E. Thorpe dis(!Ovored this 
comixmnd (Annalcn, 1876, 182, 201): 

6AsFg| aPCIg-SAsCIgfSPFg. 

The gas is‘passed through a trap at —G0"<;., 
then liquefied and fractionated. Another pre¬ 
paration (H. Moissan, (^ompt. rend. 1884, 99, 
056) takes advantage of the spontaneous re¬ 
arrangement of halogen atoms mentioned above : 

SPFgBfg (liquid)" SPFg (gas)-f 2 PBr 5 (solid). 

A slow stream of phosphf)rus trifluoride is passed 
into bromine (previously dried by sulphuric; 
acid) at —15°(\ until the colour of the bromine 
has been destroyed. The liquid is then allowed 
to warm to room temperature and PFg is 
evolved. Dry glass is not attacked, but the gas 
can bo stored over mercury for a short time 
only. 

Phosphorus Trichloride, PCI3. Manu¬ 
facture .—The only process of any importance is 
direct union of the elements. It is usual to 
make first a “ crude ” phosphorus trichloride, 
which is either used directly as an intermediate 
for making the oxychloride or purified for sale. 
The plant items used by different manufacturers 
vary in detail, but the main features are common 
probably to all. To moderate the vigour of the 
reaction, chlorination is done in the presence of 
a “ pro-charge ” of phosphorus trichloride, so 
that a substantial part of the reaction heat is 
removed by evaporation, with an appropriate 
proportion of reflux. Thus the reaction takes 


place at the b.p. (74^c.) of PCIg; the heat of 
formation is about ten times the latent heat of 
vaporisation. Additional cooling is provided 
by water outside the reaction vessel. In one 
form of plant molten white phosphorus and 
gaseous, chlorine are simultaneously and con¬ 
tinuously introduced into tlio reaction vessel, 
and conditions are conti'olled so that the phos¬ 
phorus trichloride distilling over carries a frac¬ 
tion of 1% of dissolved white phosphorus. The 
distillate is treated in a stirred vessel with just 
sufficient chlorine to complete the chlorination. 
The yield of “ crude ” phosphorus trichloride is 
in practice about 97% with respect to both raw 
materials. Ihnal purification is by redistillation 
with fractionation to remove traces of chlori¬ 
nated organic matter and a small percentage of 
phosphorus oxychloride. All parts of the plant 
in contact with the reactants or jiroduct are 
preferably constructed of lead, lead-covered 
steel, bronze, or nidvcl. 

Phosphorus Pentachloride, PCIg. Manu¬ 
facture .—A white, free-flowing (>r\stalline pro¬ 
duct can be made by introducing (idorino into a 
vessel containing a mixture of phosphorus tri- 
chlorhlo and carboji tetrachloride;. The chlorim; 
enters just above the lifpnd level. Gliie vessel is 
cooled by a water-jaclict and is prov ided wn’th a 
reflux cond(‘nscr, and an eflhicait stirrer which 
sweeps througli the whole volume occupied by 
the liquid. When (iilorination is complete the; 
suspension of crystals of phosphorus penta- 
(‘hloride in carbon tetrachloride is run out 
through a valve at the bottom of the chlorina¬ 
tion vessel, into a closed water-jacketed receiver 
wdiich has a perforated false bottom covered by 
filter-cloth. The lilten'd carbon tetrachloride 
is returned to the chlorination vessel for the 
n(‘xt cycle of operations, and the crystals an; 
dried by circulating hot water through tin; 
jacket of the receiver. The equipment is con¬ 
structed of lead-covered steel, with lead pipes. 

A simpler type of plant, used up to 1945 by tin; 
r.G. Farbenindustrie, is described in B.I.0.8. 
Report No. 562 (Item 22). Two or more fhin 
streams of re-distilled phosphorus trichloride arc 
introduced through the cover of a tall and narrow 
reaction vessel, and simultaneously chlorine is 
introduced at the bottom. No stirrer is used; 
the phosphorus trichloride reacts as it falls 
through the atmoBjfliero of chlorine. No special 
provision is made for cooling. The output from 
a chlorination vessel 250 cm. in height and 
60 cm. in diameter is 3-4 kg. per hour. A 
receiver, 100 cm. in depth and of the same dia¬ 
meter as the chlorination vessel, is bolted on 
underneath the latter. 

Phosphorus pentachloride is an effective re¬ 
agent for converting alcohols and organi(5 acids 
into the corresponding chlorides. The main 
uses are in dyestuff and other organic synthesis, 
and under special circumstances, as an inter¬ 
mediate in the manufacture of phosphorus oxy¬ 
chloride. It can be packed in drums made from 
ordinary terne plate. 

Phosphorus Dichibride, (PCl 2 )ii;.—^A. Bes¬ 
son and L. Fournier (Compt. rend. 1910, 150, 
102) submitted a mixture of PC 1 3 and hydrogen 
to the action of a silent electric discharge, and 
obtained a colourless oily fuming liquid and a 
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yellow solid. Tlio liquid, after distillation under 
reduced pressure, had the composition PCIg. 
It boils at 180'^c. with decomposition. In air 
it is liable to inflame spontaneously. In water 
it hydrolyses to hydrochloric and phosphorous 
adds, with simultaneous formation of a coloured 
solid thought to be impure ])hosphorus. 

Phosphorus Tribromide, PBrg. Manu¬ 
facture .—The most convouient method is by 
adding l>romino slovvdy to a cooled solution of 
white j)liosj)h()rus in i)hospliorus tribromide, 
which serves to modciate the vigour of the 
reaction. It is b(\st to continue the addition of 
bromine until a little phos])horus pontabromide 
and free Ijromine are present. (In spite of the 
large excess of tribroinidc, the pontabromide is 
appniciably dissociated in the warm tribromidc.) 
The tribromide is purifitd by repeated distilla¬ 
tion. For laboiatury preparation of small 
quantities, dry red phosphorus can be sub¬ 
stituted for white phosphorus, and there is then 
no need to carry tiie addition of bromine so far. 
l‘hos])]iorus tribromide is a colourless liquid, 
2-88H. It is manufacitunal on a very small 
scale, for use as a reagent in organic chemical 
work. 

Rhosphorus Pentabromide, PBr^. Pre¬ 
paration. .Rromino adds directly to phosjfliorus 

tribromide in tlie cold, forming pale yellow 
crystals of the iientabromide. It dissociates 
readily on warming, cm in solution at room 
temi)ei’ature. On the other hand, it is capable 
of taking up mon^ brojuine to form red crystals 
of the very unstable compound PBr^. 

Phosphorus Tri- iodide, Pig. Preparation. 
—The best method of preparation is by direct 
union of either rod or white phosphorus with 
iodine dissolv('d in carbon disulphide. The 
reaction is slow. Good crystals are obtained by 
cooling, which can b«i entirely freed from solvent 
by evaporation. It is essential to use carbon 
disulphid(5 which docs not contain free sulphur. 
F. E. E. Germann and R. N. Traxler (J. Amer. 
(diem. 8oc. 1927, 49, 307) emphasise that carbon 
disulphide which has merely been redistilled is 
not free from sulphur, and they advise shaking 
it with mercury until it no longer tarnishes the 
metal, and then distilling. Rhosphorus tri- 
iodide forms dark rod crystals, stable up to a 
t emperature somewhat above the melting-point. 
Water and moist air hj^drolyso it to phosphorous 
acid and hydriodic acid, but other products are 
also formed. 

Phosphorus Tetraiodide, P2l4* Prepara¬ 
tion .—The same procedure can be used as for 
the tri-iodide, only two atoms of iodine being 
taken for one of phosphorus. Carbon tetra¬ 
chloride can be substituted for carbon disul¬ 
phide as solvent. The substance is obtained as 
orange crystals. According to L. Troost (Compt. 
rend. 1882, 95, 293) the molten substance 
vaporises as P 2 i 4 , on the evidence of the vapour 
density at 205"c. On the other hand the tetra- 
iodide is c*ertainly less stable than the tri-iodide; 
it appears that under some circumstances Pig 
sublimes from molten Pgl^, leaving red phos¬ 
phorus, and the interpretation of the vapour 
density is uncertain. Hydrolysis gives phos¬ 
phorous acid, hypophosphorous acid, and hydr¬ 
iodic acid'(v. a?.so Hypophosphoric Acid, p. 5056). 


XL—PHOSPHORUS OXYHALTDES 
AND THIOHALIDES. 

The following list eon tains those r(‘porteil as 
definite: 



1 

M.p., “c. 

B.])., ‘O. 

Oxyhalides: 



POFg . . 

~;}9-4 

-39 

POCI., . . 

-f M5 

-4107*4 

POBr, . . 

-f5() 

+ 193 

POF^CI . . 

-9G-4 

i-31 

POFgBr 

-8f-8 

+ 30*5 

POFCI 2 . . 

- 801 

+ 52*9 

POFBr, 

--117-2 

+ 110*1 

POCIgBr 

-'-f 12 

+ 137*0 

POCIBr^ . 

^ + 30 

-- 1-100 
(dec^omp.) 

Thiolialidcs : 



PSFg . . 

-I4S-8 

-52*3 

PSCIg . . 

-3()-2; ™40-8 

+ 125 

PSBr'g . . 

4-38 

+ 212 

PSFgCI . . 

-155*2 

+ 0*3 

PSFCIo . . 

-9(;*o 

+ 04*7 

PSFoBf . . 

-13()*9 

-1 .35*5 

PSFBr^ . . 

-75*2 

+ 125*3 

PSCIgBr 

-30 

+ 80/00 mm. 

PSCIBr^ 

— () 

+ 95/00 mm. 


Molecular Structures. —Stmeturcs have 
been reported for several of the simpler oxy- and 
thio-halides of j)hos])horu.s having tht‘ goueral 
formula APXoY, where either or both of X 
and Y are F, Cl, or Br, and A is either O or S. 
Summaries of the numerical data, arc given by 
i). jy. Yost and H. Russell {op. cit., pp. 2:{()-240). 
Additional dat a have been determined by .1, H. 
Secrist and L. 0. Brookw'ay (J. Anuir. Chom. 
Soc. 1944, 66 , 1941). The P-X and P-Y 
distances are almost the same as in the tri- 
halides (q.v.) and the P-O and P-S distances 
are approximatel}’- 1-56 and l-9() A., respectively. 

Phosphorus Oxyfluoride (Phosphoryl 
Fluoride), POFg. Preparation. — Several 
methods have boon described. A convouient 
reaction is that of H. Moissan (Hull. Sot*, chim. 
1890, [iii], 4, 260) in wdiich phosphorus oxy¬ 
chloride is dropjjed on to anhydrous zinc 
fluoride, maintained at 40 -50°o. The stream of 
gas is passed through a trap at — 20‘’c. to con¬ 
dense out phosphorus oxychloride, and then 
through a tube filled with zinc fluoride to remove 
residual traces. Another preparation wEich 
would probably bo more cconomit^al for larger 
scale production is that of T. E. Thorpo and 
F. J. Hambly (J.C.S. 1889, 55, 759); a mixture 
of throe parts of phosphorus pentoxido and two 
parts of cryoUte is gently heated. This reaction 
of fluorides to give jihosphorus oxyfluoride 
appears to bo fairly general, notwithstanding a 
report by H. J. Lucas and F. J. Ewing (J. Amer. 
Chom. Soc. 1927, 49, 1270) that phosphorus 
pentafluoride, rather than the oxyfluoride, is 
formed by heating 5 mol. CaFg with 6 mol. 
PgOg. Phosphorus oxyfluoride is a poisonous 
gas readily hydrolysed by water. In contact 
with heated glass it forms silicon totrafluoride, 
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Phosphorus Oxychloride (Phosphoryl 
Chloride), POCI 3 .—Several oxychlorides of 
phosphorus have been described, but the only 
well investigated member of the group is POCI 3 . 
This is commercially the most important of the 
compounds containing halogen and phosphorus. 
The chief use is in the manufacture of alkyl and 
aryl phosphates, and as a reagent in the pro¬ 
duction of certain dyestuffs and drugs. 

Properties .—Phosphorus oxychloride is a 
colourless, fuming liquid, 1-675, vapour 
pressure, log^oP (mm.)—7-734—1,864/T, where 
323°<^7 ’°k. <;I380°. Phosphorus oxycliloride re¬ 
acts quickly, but not violently, with water, 
forming phosphoric and hydrochloric acids. It 
is in general less rapidly reactive with hydroxylic 
substances than phosphorus trichloride, but 
more corrosive towards metals, and more un- 
j^leasant to handle. The vapour affects the 
eyes, temporarily but painfully. 

Manufacture .—Processes have been sug¬ 
gested for converting phosphorus pentoxide to 
phosphorus oxychloride by heating it with a 
metallic chloride, e.g., 

P40io-f3NaCI-.3NaP03+POCl3, 

and for converting phosphates to phosphorus 
oxychloride by the action of carbonyl chloride 
or carbon monoxide and chlorine : 

FeP04+3C0Cl2=P0Cl3l 3000^FeCl3, 

or by the action of carbon and chlorine : 

Ca3(P04)2+ 6 C -f 6 CI 2 

-2POCl3-l-3CaCl2f6CO. 

The reaction with ferric phosphate (at 3^)0- 
5(KPc.) is the basis of U.S.P. 1462732, 1923 (to 
E. I. du Pont do Nemours). An analogous 
process starting with tricahuum phosphate was 
described by J. Riban (Compt. rend. 1882, 95, 
1160), and variations of this have been patented. 
The process utilising carbon and chlorine was 
studied on a pilot-plant scale by F. K. McTag- 
gart (J. Counc. 8 ci. Ind. Res. Australia, 1945, 
18, 424). It does not appear, however, that 
any such process has been successfully used on a 
commercial scale. 

It is probable that all processes now used for 
making phosphorus oxychloride start with ele¬ 
mental phosphorus, which as a first stage is 
chlorinated to phosphorus trichloride. The tri¬ 
chloride is then oxidised to the oxychloride, or 
farther chlorinated to phosphorus pentachloride 
and then hydrolysed to the oxychloride by 
using the stoiohcioraotric quantity of water. 
The hydrolysis process is only economic when 
chlorine is very cheap, or where by-product 
hydrogen clxloride has a vedue comparable with 
its equivalent of chlorine. Phosphorus tri¬ 
chloride can be oxidised directly by a variety of 
substances rich in oxygon. An early process, 
now discarded, utilised sodium chlorate. The 
vigour of the reaction was controlled by keeping 
a “ pre-charge ” of phosphorus oxychloride in 
the reaction vessel. Sodium chlorate is a useful 
reagent for removing the last traces of PC 1 3 
from POCIj made by other methods. Direct 


oxidation of liquid phosphorus trichloride by 
gaseous oxygen is technically a satisfactory pro¬ 
cess; the yield approaches 100 %, and the 
economics depend mainly upon the cost of 
oxygen in a sufficiently pure state. With 
modern methods of obtaining oxygen, this is 
probably as cheap as any other process provided 
that the scale of manufa('.ture is large enough. 

The kinetics of the reaction : 

2 PC 1 3 (liquid) -fO 2 (gaH)^ 2 POCl 3 (liquid) 

have not been reported. Complete absorption 
of pure oxygen takes place as the gas rises, in 
small bubbles, through a depth of 100 cm. of 
phosphorus trichloride. If the heat of reaction 
is removed by adequate cooling so that the 
temperature does not exceed about 50°c., the 
ability of the liquid to absorb the oxygen shows 
little or no falling off until the pro})ortion of 
POCI 3 in the mixture of PC 1 3 and POCI 3 
exceeds 95--97%. Almost certainly the oxida¬ 
tion proceeds by a chain mechanism. Small 
quantities of some impurities greatly reduce the 
rate of reaction and may almost completely 
inhibit it. Examples of suc h impurities are iron 
and copper, derived from contact with these 
metals; phosphorus pentachloritle; and im¬ 
purities derived from contact with vulcanised 
rubber. In the presence of these impurities the 
reaction rate (with gaseous oxygen bubbling 
into the liquid at a fixed rate) is no longer sub¬ 
stantially independent of the extent to which 
the reaction has proceeded. There is often a 
long induction j)eriod, after which the rate in¬ 
creases to a maximum and then falls steadily as 
the reaction continues. A small amount of dis¬ 
solved phosphorus in the phosphorus trichloride 
is not very objectionable; it appears to oxidise 
readily, and thereafter the main reaction occurs 
satisfactorily. 

This process, as operated up to 1915 by the 
I.G. Farbenindustrio, is described in B.T.O.S. 
Report No. 562 (Item 22). Batches of “ crude ” 
phosphorus trichloride (v. Phosphorus Tri¬ 
chloride Manufacture, p. 5186) were oxidised 
in largo load-lined steel vessels, 10 cu. m. in 
capacity, externally cooled by water. Oxygen 
at 2 atm. pressure was admitted at numerous 
points round the perimeter near to the bottom 
of the vessel, either through porous ceramic 
candles or through nozzles directly into the 
liquid; with the latter arrangement the liquid 
has to bo stirred. Approaching completion of 
the reaction is indicated by the temperature 
falling below the 50-60°c. at which it is controlled 
during the 60-80 hours reaction time, and by 
vigorous escape of oxygen from the surface of 
the liquid. The reaction is judged to bo com¬ 
plete when the liquid solidifies at 0-8-1-O^c. 
The product was used or sold without distillation 
or other purification. 

Phosphorus Oxybromide (Phosphoryl 
Bromide), POBrg. Preparation .—Starting 
with phosphorus tribromide, the same reactions 
are applicable as with phosphorus oxychloride. 
Direct reaction with gaseous oxygen occurs at 
the boiling-point of the tribromide, but is not a 
very satisfactory method. The best method is 
that of E. Berger (Bull. Soc. chira. 1908, [iv], 8 , 
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721), in which ph(jHi)horiiR pontabromide reacts 
with phosphorus pentoxide: 

ePBr^ h P 40 io- 10 POBr 3 . 

The two solid substances are mixed and gently 
heated ; loss of bromine from the pentabromide 
is minimised by attaching a well-cooled reflux 
condenser, and by keeping the reactants as dry 
as possible (raetaphosphoric acid reacts with 
phosphorus pentabromide, forming the oxy- 
bromide and liydrogcn bromide, and evolution 
of the latter (;arrics away bromine A'apour). 
When the reaction, under gentle heating, appears 
to be comiflete, and the ])ro(luct is entirely licpjid, 
the phosphorus oxybroinide is distilled. The 
redistilled product solidifies to colourless crystals. 

Thiophosphoryl Fluoride (Phosphorus 
Sulphofluoride), PSF^. Preparation .—The 
most convenient method of preparing this sub¬ 
stance is by the .reaction of phosphorus penta- 
sulphidc with lead fluoride at 170-25(^0. in the 
absence of oxygen and riKiisture (T. E. Thorpe 
and J. W. Kodger, J.C. 8 . 1S89, 55, 3()()). The 
gas is collected over dry mercury in glass vessels. 
Jt is spontaneously iTiflarnmable in air at room 
tem})crature. Hydrolysis with w'ater or alkali 
yields di- an<l Jiiono-fluothiophosphoric acids, 
HPOSFg and HgPOgSF, thiophosphoric acid, 
H 3 PSO 3 , and orthopliosplioric acid, or tlieir 
salts. 

Thiophosphoryl CNoridc (Phosphorus 
Sulphochloride), PSCI3. MannJacUire .—For 
industrial purposes a very satisfactory process 
is the dii'cct addition of sulphur to phosphorus 
trichloritle, a pro(*css originally described by 

Henry (Her. 18(19. 2, It has been shown 

by W. H. Woodstock ajid H. Adler (J. Amer. 
(flnun. 80 c. 1032, 54, 404) that alkali and 
alkaline-earth suljfliides effectively catalyse the 
combination, which takes place in a few hours 
at ]50-160‘V\ The use of these sulphide catalysts 
can be avoided by working at a slightly liigher 
temperature (1(>0-I80”c.) and using an excess 
of sulphur; caution is necessary, since the 
reaction is strongly exothermic, and the pressure 
rises abruptly when reaction sets in. Stainlc.ss 
steel is a suitable material for construction of the 
autoclave, although mild steel has been used 
successfully. The product can bo distilled out 
of the autoclave, leaving a residue of sulphur 
W'hich forms part of the following charge. The 
yield is practically quantitative. For small scale 
preparations, a reaction discovered by T. E, 
Thorpe (J.C.S. 1880, 37, 327) is convenient: 

P^S,+ 3PC\,^5PSC\,. 

Thiophosphoryl chloride* vapour is decom¬ 
posed on heating strongly. There are two forms 
of the solid. It appears to be very insoluble in 
water, and is hydrolysed slowly to hydrochloric 
acid, phosphoric acid, hydrogeUr, sulphide, and 
other products. 

Thiophosphoryl Bromide (Phosphorus 
Sulphobromide), PSBrg. Preparation .—The 
reaction of phosphorus pentabromide with phos¬ 
phorus pentasulphide (T. E. Thorpe, ihid. 1871, 
24, 1163) is the most convenient method; work-^ 
ing details are given by H. S. Booth and C. A.* 
Seabright {see “ Inorganic Syntheses,” Vol. II, 
McGraw-Hill Book Co., Inc., 1946), Alterna¬ 


tively, the three elements involved may react 
in one step in carbon disulphide solution, with 
cooling (.src A. Miehaelis, Annaloii, 1872, 164, 30). 

Thiophosjdioryl bromide is more resistant to 
hydrolysis than thiopho.sphoryl chloride ; it can 
be washed with cold water with little loss, fl’he 
products of hydrolysis by hot water include 
hydrogen sulphide, sulphur a.nd phos})liorous 
acid, as w{;l] as hydrogen bronOde and phos¬ 
phoric acid. 

Phosphorus Mixed Oxyhalides (Phos- 
phoryl Mixed Halides). Pramratkm. —H. S. 
Booth and co-woVkci-s (.1. Amor. Clieni. Soc. 
1939, 61, 2937, 3120) pnjpared the oxybalo- 
lluoridcs listed on p. 519. Fhosphorus oxychloride 
(or oxybromide) was fluorinated by antimony 
trifluorklc at OO-lOO'^c. It M as found necessary 
to add a.s catalyst a little antimony ponta- 
chloride to the phosjdiorus oxychloride (or 
bromine to the oxybromich^). (yaleium fluoride 
can be (ised (with less success) instead of anti¬ 
mony triflu()ri(l(\ but at the higher reaction 
temperatures (120 150A\) required, more attack 
on glass vessels tak(\s ]) 1 aco. In either case the 
reaction produces a mixture of POF.j, POF.>CI, 
POFCI^ (or POF 3 , POFgBr, POFBra) with 
some SiF^, and the individuals are separated by 
fractionation. 

The compounds POCI^jBr and POClBrg 
were prepared by X. Besson ((.lompt. rend. 1896, 
122, 814) by heating a mixture of POCI 3 vapour 
with hydrogen brojiiide in contact with pumica) 
at 400“500"(.!. and fractionating the products 
under redue(Ml jrressure. POCIgBr was ju’O- 
pared by N. illen.seliutkiri (Annalen, 1866, 139, 
345; Bull. Soe. ehiin. 1866, f'ii], 6 , 481) by 
brominating alkyl dichlorophosplionates : 

R(PO)Cl 2 +Br 2 - POCIgBr i RBr. 

Properties. —I'lio oxylialofliiorides arc much 
less liable; to disj)ro]K)rtionation than the mixed 
trilialides. On the other hand, the oxybromo- 
ehloridcy do teml to rearrange to POBPg and 
POCI 3 . Hydrolysis by water occurs readily in 
all eases. Oop])er, mercury, and nicliromo are 
only very slightly attacked. 

Phosphorus Mixed Thiohalides (Thio¬ 
phosphoryl Mixed Halides). Preparation .—■ 
H. 8 . Booth and eo-workers (J. Amer. Ohom. 
8 o(‘. 1940, 62, 2369 ; 1943, 65, 1834) prepared the 
thiohalofluoridcs listed on p. 519. Phosphorus 
thioehlorido (or thiobrornide) was fluorinated by 
antimony trifluemido. For the chlorofluoridos, 
antimony pontachlorido w'as used as a catalyst, 
at 75~80°c.; for the broraofluoridcs no catalyst 
was needed. The reaction products consisted of 
a mixture of PSF3, PSF^CI, PSFCIg (or 
PSF3, PSFgBr, PSFBpg), and the relative 
proportions could be controlled within limits by 
regulating the yjrossure and hence the tempera¬ 
ture of reflux in the generating apparatus. 

The compounds PSCl 2 Br and PSClBrg 
were prepared by A. Besson (Compt. rend. 1896, 
122, 1057) by the same reaction as with the 
corresponding mixed oxyhalides {q.v.). PSCIgBr 
was prepared by A. Miehaelis (Bor. 1872, 5, 6 ) 
by a reaction analogous to N. Menschutkin’s 
preparation of POCl 2 Br {q.ih). 

Properties .—The thiochloroliuoridos are stable 
substances in the absence of air or moisture. 
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They arc prone to spontaneous ignition in air, 
and hydrolysis ocijurs slowly with water, more 
rapidly, however, than in the case of PSCI 3 . 
Mercury and niehromo are not affected in the 
cold; copper is slowly attacked. The thio- 
broinofluoridcs are similarly thermally stable, 
and it is not recorded that they are liable to 
sjiontaneous ignition in air. Hydrotysis in the 
cold is very slow, especially with PSFBPg, 
which showed no sign of hydrolysis by j)otassium 
hydroxide solution in 24 hours at room tempera- 
tur(‘; it is ('omplctely hydrotysed in a few hours 
at the boiling-point. Mercury is attacked above 
; copper is seriously attacked at room 
temperature, nichrome is not. PSFgBr is 
sonnnvhat more reaedive; mercury is attacked 
above! The two thiobromoclilorides are 

subje{d tn disproportionation on heating, al- 
tliough less readily tlian most of the mixed 
p]ioHj)horus tri- and penta-halides. 

All. pjfosrmmus and phosphoryl 

CYANIDES, CYANATES, AND RE¬ 
LATED COMPOUNDS. 

jVb'ution may be Tn?jdo of a little-investigated 
series of “ pseudo-halogen ” compounds of 
phosj)horus. The following have been prepared : 



M.p., 

B.p., °e. 

P(CN)3. . . 

— 

+ 130 
(sublimes) 

P(CN),. . . 

— 

— 

P(NC0)3 . . 

—2 

41 09 

PCI(NCO)., . 

— 

/---hl35 

PCL,(NCO) . 

-99-2 

4104 

P(SCN)3 . . 

-4 

^ + 265 

PCl2(SCN) . 

— 

+ 148 

P0(0CN)3 • 

— 

— 

P0(NC0)3 , 

+ 5 

+193 

P0(SCN)3 . 

-fJ4 

-f 300 

POCl2(S(jN) . 

-55 

+ 173 

PS(NC0)3 • 

+ 9 

+ 215 


Preparation. —The reaction of PCI 3 with 
silver (yanido at lOO'^c. yields P(CN) 3 , which is 
converted hito P(CN )5 by treatment with di¬ 
cyanogen under pressure (H. Gall and J. 
^ehtippen, Rer. 1930, 63 [R], 482). The 
analogous reaction of PCI 3 with silver thio¬ 
cyanate can bo carried out in benzene or other 
solution (P. Miquel, Ann. C3nm. Phys. 1877, [v], 
11, 341; A. E. Dixon, J.O.IS. 1901, 79, 641; 
H. Gall and J. Schtippen, l.c.). The remaining 
compounds listed above were prepared by the 
action of PC 1 3 , POCI 3 , or PSCI 3 on silver iso¬ 
cyanate or silver thiocyanate (H. H. Anderson 
and co-workers, J. Amer. Chem. Soc. 1940, 62, 
701; 1942, 64, 1757; 1943, 65, 227t; 1945, 67, 
223). 

Properties. —Most of these compounds have 
been found to polymerise to solids more or less 
easily, probably according to the adventitious 
presence of catalysts. The mixed compounds dis¬ 
proportionate more or less readily; PCI (NCOjg 
rapidly changes to P(NCO)3 and PCIglNCO), 
but the last named is comparatively stable. I 
The phosphoryl and thiophosphoryl compounds I 


are on the whole more stable than the corre¬ 
sponding torvalent phosphorus compounds. 

Xm. PHOSPHORUS SULPHIDES. 

The literature dealing with those compounds 
is very contradictory, probably the best work 
having been done by A. Stock and co-workers. 
The fusion curve obtained by H. Giran (Compt. 
rend. ]90(), 142, 398) shows maxima at 1(57°, 
29(5°, 272°, and 314°, the corresponding com¬ 
positions being expre^ssed by the form u he 
P 4 S 3 , P 2 S 3 , P 2 S 5 , and PS 3 . Of these P 2 S 3 
and PS 3 are unknown as delinito compounds, 
the known sulidiides being P 4 S 3 , P 4 S 5 , P 4 S 7 , 
P 4 S 40 , and possibly P 3 S 6 . Data for some of 
these compounds are given below; sources in¬ 
clude A. Stock and B. Jlerscovici (Rer. 1910, 43, 
415 and 1223) and W-. D. Treadwell and Ch. 
Reeli (Hclv. Chim. Acta, 1935, 18, 11(51). 



P.S 3 . 

P 4 S 5 . 

P 4 S 7 . 

P 4 S 10 . 

(’oloiir of solid 

Yellow. 

Snli)hur- 

Nearly 

Yellow, 

Density of solid 

2-03(17°) 

yciJlow. 

2-17(25°) 

white. 

2-10(17°) 

2-09(17") 

M.p., . . 

171- 

](>7 

.305-310 

280-290 

B.p., . . 

172-5 

407-408 

_ 

523 

513 -515 

Solubility (g. 
per 1 ()()«, sol¬ 
vent) : 

CS^ 0^ 

27-0 

i 

0-005 

(J<H) at 
01 1)1111, 
Rg). 

0-182 

17° 

1000 


0-029 

0-222 

17° 

H0° 

Aelion of cold 

2-5 

IM 

None, 

1>('C011)P. 

DiH'oinj). 

Slow 

water. 
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Phosphorus Sesquisulphide (Tetraphos- 
phorus Trisulphide), P4S3. —The validity (>f 
the formula has been confirmed by cbullioscopie 
moasuroments in benzene (A. Stock and H. von 
Rezold, Bor. 1908, 41, 657) and by vapour- 
density measurernentB at 700°c. Decomposition 
occurs at higher temperatures, as appears from 
similar determinations in the range 7(}0-l,000°c. 
Electron diffraction data by 0. Hassol and A. 
Pettorson (Tids. Kjcmi, 1941, 1, 57) indicate 
that the stx'ucture of P 4 S 3 in the vapour state 
consists of phosphorus atoms arranged at the 
corners of a tetrahedron, with, sulphur atoms 
between one of these phosphorus atoms and each 
of the remaining three. 

P 4 S 3 is the most stable sulphide, cold water 
and cold hydrochloric and sulphuric acids having 
little action. It is slowly broken down by boiling 
water to give hydrogen sulphide, phosphorus 
oxy-acids, and phosphine. Nitric acid and aqua 
regia dissolve it, giving phosphoric acid and sul¬ 
phuric acid, and some sulphur. Cold aqueous 
caustic potash causes evolution of phosphine 
and hydrogen, leaving sulphide, hypophosphite, 
and phosphite ions in solution. 

Manufacture ,—^It is manufactured by direct 
union of the elements. Molten white phos¬ 
phorus is run into molten sulphur contained in a 
stirred cast-iron vessel, the rate of addition 
being controlled to maintain the reaction tem¬ 
perature at 320-380°o. When addition is com¬ 
plete the temperature is maintained in this 
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range by external heating for a further period. 
The produt^t ran now be purified by vacuum 
distillation or by washing, using either water or 
dilute bicarbonate solution. Vacuum drying 
at 40“50°c. follows any washing process. A 
description of this manufacture, as done by the 
I.G. Karbenindustrie up to 1945, is given in 
B.T.O.S. Report No. 5G2 (Item 22). The 
principle use of P 4 S 3 is in the match-making 
industry (i;. Vol. VII, 5286). 

Tetraphosphorus Pentasulphide, P4S5.— 
W. 1 ). Treadwell and Ch. Beeli (/.c.) confirmed 
R. Roulouch’s preparation of P 465 (Compt. 
rend. 1904, 138, 363) by exposing a carbon di¬ 
sulphide solution of P 4 S.J, sulphur, and a trace 
of iodine to the action of light. They also 
formed the compound by slow cooling of a melt 
of red phosphorus and sulphur in the proportions 
2P-i-3S, followed by rccrystallisation from bod¬ 
ing carbon disulphide. The study of a P 4 S 5 
molt led to the conclusion that under certain 
conditions an equilibrium exists between it and 
^ 4 ^ 7 - Ebullioscopic measuremonts in 
carbon disulphide show flic com 23 ound to have 
fhe formula given. 

Phosphorus Heptasulphide (Tetraphos¬ 
phorus Heptasulphide), P 4 S 7 .—A. Stock and 
B. llerscovici (Bor. 1910, 43, 415) made P 4 S 7 
by heating an intimate mixture of rod phos¬ 
phorus and sulphur in the theoretical projmr- 
tions with 5% of P 4 S 3 . The jwoduct was purified 
by rocrystallisation from carbon disuljdiide. 
Vjrj)our-density measurements at 700° indicate 
that the va 2 >()ur consists of P 4 S 7 molecules; 
some decomposition o(.‘curs at higher temj)ora- 
turcs. 

Phosphorus Pentasulphide (Tetraphos¬ 
phorus Decasulphide), P4Sjo. —The formula 
P 4 S 1 Q is based u])on ebullioscoi)ic measurements 
in carbon disulphide. Vapo\ir-dcnsity measure¬ 
ments at temperatures from 600-1,000°c. (A. 
Stock and H. von Bozold, l.c.) prove that the 
vapour is largely d(;comjjoscd. It appears that 
phosphorus pentasuljjhido is not entirely stable 
t‘ven at room temi)eraturc in a sealed tube, and 
the behaviour on melting shows that decom- 
l^osition takes jdaco when heated. The paper 
of A. (Stock and B. Herscovici {lx.) should be 
consulted. With water it reacts slowly in the 
cold, but rajiidly on heating, giving mainly 
hydrogen 8 uli)hide and orthophosphoric acid. 
Alkaline solntions react with phosphorus penta- 
Kulphide forming a mixture of products con¬ 
taining thiophosphatos and sulphides; the 
former arc further hydrolysed to sulphides and 
phosphate on boiling. 

Manufacture .—It is manufactured in a similar 
manner to P 4 S 3 , r.c., by direct union of the 
elements in stirred east-iron vessels. Water 
washing cannot be used for j)urification in this 
case and the commercial material usually con¬ 
tains small percentages of P 4 S 3 and free sulphur, 
which can be removed by carbon-disulphide ex¬ 
traction if purification is necessary. 

In recent years P 4 S 20 has found substantial 
use in the manufacture of organic phosphorus- 
sulphur compounds, which are used as additives 
to lubricating oil to impart such properties as 
oxidation,resistance, detergency, and the ability 
to withstand high bearing-pressures. These 


compounds are iwoducod by reaction of P4S10 
with alcohols, olefins, turixMitine, etc. A further 
application is in the preparation of organic thio- 
phosphates used for ore flotation. 

B. R. and B. T. 
PHOSPHORUS, ORGANIC DERIVA¬ 
TIVES OF. In this artiede, otiI^t^ those com- 
jmunds in which the phosphorus is directly 
linked to carbon are considered ; esters of jfiios- 
phorous ai»d ^diosphoric a(nd. etc., will be found 
elsewhere. The symbol R is used throughout 
to denote an alkyl or aryl group. 

Phosphines —^Our knowledge of the jwimary 
and secondary phosphines, RPH,j and R2PH, 
is based largely on the early woi’k of Hofmann 
carried out mainly in the years 1870 75 * and, in 
the absence of modern investigations, is incom- 
])letc and possibly inaccurate. .Tlie alkylphos- 
phines are prepared by heating a mixture of 
phosphonium iodide, PH4I, with zinc oxide and 
the appropriate alkyl iodide; a mixture of the 
j)rimary and secondary phosj^hiues residts, from 
which the secondary can bo isolated as an 
addition jwoduct with hydrogen iodide and zinc 
iodide. The lower primary alkvlplu)S{)hines are 
gases, and the higher memboj’s li(piid; they 
possess vile odours, and are basic, forming s.alts 
of tyi>e R P H 3 1 . Little is known of the secondary 
alkjdphosphines. Primary arylphosphiiH's can 
be iwepared by the reduction of the dichloro- 
phosphine, RPCI2, or the j>hosphonic acid, 
RP 0 ( 0 H) 2 , or sometimes by the tluirmal de¬ 
composition of the latter. 8 e(!ondary aryl])hos- 
2 >hinc 3 are prei)ared by the reduction of the 
monoehloroi)hosi)hine, RgPCI, in the presence 
of aqueous sodium carbonate, in ellect, th (5 
redaction of the jfiiosphinous acid, RoPOH. 

Chlorophosphines.— The alkyl mono- and 
and di-cldorophosphines, RPCI2 und R2PCI, 
can be prcjmreil by heating }>h()sphoru 8 tri¬ 
chloride wdth the ai) 2 )ro 2 )riatre amount of load 
tctra-alkyl or mercury di-alkyl. The aryl- 
monochlorophr)Hphincs arc best pn^pared by 
heating a mixture of jfiiosphonis trichloride, the 
appropriate hydrocarbon and aluminium chlo¬ 
ride, followc<l by fractional distillation (Michaclis, 
Annalon, 1896, 293, 237; Jackson, Davies, and 
Jones, J.C.B. 1930, 229). The diarylrntmo- 
chlorophosphincs, RgPCI, are most readily pre¬ 
pared by heating the dichlorophosphino wdth 
mercury di-aryl; this method is particularly 
valuable when the presence of two ditferent aryl 
groups is required (Davies and Mann, J.C.kS. 
1944, 276). 

The mono- and di-chlorophospliines are liq\iids 
which distil without decomposition, but fume 
on exposure to air; they combine with chlorine 
to form thfe less stable tetra- and tri-chloro- 
phosphines, RPCI4 and RgPCIg, respectively. 
The dichlorophosphines and mouochlorophos- 
phines on hydrolysis give the corresponding 
phosphonous acids, RP(OH)., and phospbinoua 
acids, R2P(0H), which have been little investi¬ 
gated. If, however, the hydrolysis is conducted 
in the presence of an oxidising agent, tlie more 

♦ The Organic Chemistry Department of the Im- 
X)e'rial College of Science and 'reclmology possesses the 
original specimens of salts of alkylphosphines, prepared 
by Holzmann, a research student who worked under 
ifofmann at the Royal College of Chemistry.—E ditok, 
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stable phosphonic acids, RPO(OH )2 and phos- 
phinic acids, R 2 PO(OH), are obtained; these 
(Min also be prepared by the simple hydrolysis of 
the above tetra- and tri-chlorophosphincs, 
RPCI 4 and RgPCIg, or the chloro-bromo- 
derivatives, RPCIgBPj and RgPCIBPg. 

The aryl di- and mono-chlorophosphines, be¬ 
cause of their readier accessibility, have boon 
more fully investigated than the alkyl analogues. 
Phcnyldichlorophosphine, PhPCL, reacts with 
phenylphosphine, PhPHg, to give phospheno- 
benzene, PhPrPPh, and with phonylarsine, 
PhAsHg, to give phospho - arsenobenzonc, 
PhP:AsPh ; the latter, however, in hot benzene 
solution readily dismutates to phosphenobenzene 
and arsenobenzene. 

Tertiary Phosphines, RgP.—These com¬ 
pounds, both alkyl and aryl, are best prepared 
by the action of the appropriate Grignard re¬ 
agent on phosphorus trichloride or the di- or 
mono-chloroi)hosp}iines. The action of the 
reagent R'MgBr on RPClg or RgPCI is par¬ 
ticularly valuable when mixed tortiaiy phos¬ 
phines, RRg'P and RgR'P, are required. The 
compounds McgP and EtgP are so readily 
oxidised, however, that normal methods of 
isolation fail. It is best, therefore, to subject the 
crude reaction product (without hydrolysis) to 
destructive distillation in an inert atmosphere, 
and then to collect the phosphine directly in a 
solution of silver iodide in aqueous potassium 
iodide ; the stable complex, [R 3 P,Agl] 4 , can be 
collected, dried, and stored, and when subse¬ 
quently heated, also in an inert atmosphere, 
yields the pure tertiary phosphine (Mann and 
Wells, ibid. 1938, 708). The higher trialkyl- 
phosphines and the (crystalline) triarylphos- 
phines arc much less susceptible to atmospheric 
oxidation. 

The triarylpliosphines can also bo prepared by 
the Michaelis reaction, c.p., by heating phos¬ 
phorus trichloride (or phcnyldichlorophosphine) 
with bromo benzene and sodium in ether 
(Michaelis et al, Ber. 1882, 15, 801, 1610; 1884, 
17, 921; Annalen, 1885, 229, 295); the product 
usually requires more extensive purification than 
that obtained by the Grignard reaction. 

Very few heterocyclic compounds, with the 
phosphorus atom as a member of the ring, have 
been prepared. When, however, phenyldi- 
chlorophosphine ia treated with the di-Grignard 
reagent obtained from pentamethylene di¬ 
bromide, phenyl-1:5-pentamothylenephosphine 
(I) is obtained ; the tctramothylone compound 
is similarly prepared (Griittner and Wieniik, 
Ber. 1915, 48, 1473; Griittner and Krause, ibid. 

CHa-CHo 

/ ^ 

PhP CHa 

\ / 

CHgCHa 

I. 

1916, 49, 437). The only other heterocyolic 
t 3 rpe of unambiguous structure is represented 
by the tetrahydroi^ophosphinolinium salts {v. 
infra). 

A ddition Products of the Tertiary Phosphines .— 
Tertiary phosphines veiy readily combine with 


many reagents; thus they unite with oxygen, 
sulphur, and selenium to give phosphine oxides, 
R3PO, sulphides, RgPS, and selenides, RgPSe, 
respectively, which are usually highly crystalline 
compounds, particularly in the triaryl series. 
They also combine with chlorine and bromine 
to form RgPCIg and RgPBPa; combination 
with iodine is loss ready. These halogen deriva¬ 
tives on hydrolysis may give the dihydroxide, 
R 3 P( 0 H) 2 , or the sesqui-compound, 

R 3 P( 0 H) 0 ( 0 H)PR 3 , 

or may form the oxide, R3PO, dependent upon 
the relative stability imposed by the nature of 
the groups R. After the ])ublication of N. V. 
Sidgwick’s “ Electronic Theory of Valency ” 
(Oxford, 1929), the above oxides, sulphides, and 
selenides were generally accepted as derivatives 
of 4-covalent phosphorus, of structure R3P -> O, 
R 3 P S, R 3 P -> Se. More recent evidence 
from bond lengths (PhUlips, Hunter, and 
Sutton, J.C.S. 1945, 38) indicates that these 
compounds may, however, bo derivatives of 5- 
covalent phosphorus, e.g.y R 3 p = 0, or possibly 
resonance hybrids between the two forms, 
Until further evidence is available, their stnn;- 
ture must remain sub judice. For the probable 
structure of the tertiary phosphine dihalidcs 
and dihydroxides and of the intermediate 
hydroxy-halides, sec Mami, “ Some Asi^ects of 
the Organic Chemistry of Phosphorus and 
Arsenic ” (J.C.S. 1945, 05). 

The bonding structure of many other addition 
products remains similarly uncertain. Th(^ 
deep-red crystalline addition products,'R 3 PCS 2 , 
which many tertiary phosphines give with 
carbon disulphide, have been formulated as 
(Ha) by Hantzsch and Hibbert (Ber. 1907, 40, 
1508) and as (115) by Davies (J.C.S. 1935, 1786). 




R3P 

R3P—c; 

\s 


Ila. 

IK. 

The phosphine-imines 

and -azines which 


Staudinger and Meyer (Helv. Chim. Acta, 1919, 
2 , 612) obtained by the action of, e.g., triphenyl- 
phospliine on phenylazido and diphenyldiazo- 
methano respectively, were formulated by these 
authors as Ph 3 P:NPh and PhgPiN-NiCPhg, 
but their structure may be PhgP-^-NPh and 
PhgP N-NcCPhg. The azinos on heating 
lost nitrogen, and Staudinger and Meyer formu¬ 
lated the product as PhgP—CPhg, but again 
their structure may bo PhgP-^CPhg. Similarly 
the phosphinimines which Mann and Chaplin 
(J.C.S. 1937, 527) prepared by the action of 
tertiary phosphines on Chloramine-T 

(jp-CHgCeH^SOaNNaCbSHgO) 

may have the structure RoP=N*SOaCflH-*CHo 
or R 3 P ^ N-SO, C,h/cH,. 

Phosphonium Salts. —Tria&yl- and triaryl- 
phosphines readily combine with alkyl iodides 
to form the corresponding phosphonium salts, 
R 4 PI. These are usually crystalline, stable, 
water - soluble compounds. Tetra - aryl phos¬ 
phonium salts cannot be prepared in this way; 
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they arc obtained (i) by the action of, g.gr., 
phenylmagnesium bromide on triphonylphos- 
phino, followed by treatment with oxygen 
(Dodonov and Medox, Rer. 1928, 61 [B], 907); 
(ii) by tlie action of bromobenzono on triphenyl- 
phosphino in the preacTice of aluminium chloride 
(Chatt and Mann, J.C.S. 1940, 1192). 

The phosplionium halides, when treated in 
aqueous solution with silver oxide, give the 
corresponding hydroxides, R^POH, which are 
strongly basic solids, readily absorbing water 
and carbon dioxide from the air. Their mode 
of thermal decomposition diifers fundamentally 
from that of tiie corresponding ammonium 
hydroxides; tctra-ethylammonium hydr¬ 

oxide gives triethylaminc, ethylene, and w^ater, 
whereas the phosphonium analogue gives tri- 
ethylj)hosphine oxide and ethane. (For a dis¬ 
cussion of the probable mechanism, sec Ingold, 
Chem. Soc. Annual Rep. 1930, 27, 143.) 

Metallic Derivatives. —d'he tertiary j)ho8- 
phines combine with many metallic salts, par¬ 
ticularly with the halides of the heavier metals. 
The products are of various types : 

(i) The trialky If )liosphines combine with 
aurous halides, giving compounds of type 
RgP-^ AuCI, some of which have great 
stability and can be distilled unchanged; when 
treated with halogens they form the corre¬ 
sponding auric compounds, RgP -> AuClg, 
RgP AuCIBpg, etc. In both typos of com¬ 
pound the 4-covalent phosphorus atom is tetra¬ 
hedral ; the 2-covalcnt aurous atom has a linear, 
and the 4-covalent auric atom a planar, eon- 
liguration (Mann, Furdie, and Wells, J.C.S. 
1937, 1828 ; Mann and Rurdie, ibid. 1940, 1235 ; 
Rerutz and Weisz, ibid. 1946, 438). 

(ii) The trialkyIphosphines combine with 
platinous chloride to form two isomeric deriva¬ 
tives, (R3P)2PtCI„ which undoubtedly have 
the cis- and irans-jilati&v configuration. Ral- 
ladous chloride gives only one such derivative, 
.(R 3 P),PdCI„ which probably has the more 
stable ima«-configuration; certain of these 
palladous derivatives are also so stable that 
they can be distilled unchanged. These platinum 
and palladium compounds add on a further 
molecule of halogen to form less stable deriva¬ 
tives, e.g.f (R 3 P) 2 PdCl 4 , in which the metal 
has undoubtedly the octahedral configuration. 

The planar (R 3 P) 2 PclCl 2 will unite with a 
second molecule of palladous chloride to give a 
planar bridged dipalladium derivative of struc¬ 
ture (III) (Mann et at., ibid. 1936, 873; 1938, 
702; 1949,2086; 1939, 1622). Cadmium and 
mercury bromides and iodides also give additive 

^Cl 

Pd Pd 
C|/ '^PRs 

III. 

compounds of type (R3P),CdBr2 and 
(RsPj^Hgl,, in which, however, the metallic 
atom has now the tetrahedral configuration. 
Both the cadmium and the mercury compounds 
also unite with one and even two further mole¬ 
cules of the metallic halide to form bridged 
Ijompounds of type (HI); these compounds. 


unlike the palladium analogues, are clearly non- 
planar, as each constituent metallic atom has 
the tetrahedral configuration (Mann et a/., ibid. 
1940, 1209, 1230). 

(iii) Trialky Iphosphines also unite readily 
wdth cuprous and argentous iodides to give com¬ 
pounds [R 3 P,CuI ]4 and [R 3 P,AglJ 4 . The 
structure of these compounds, which contain 
tetrahedral 4-covalent phosphorus, cuprous and 
silver atoms, and 3-covalent iodine atoms, has 
been elucidated by A-ray analysis (Mann, 
Rurdic, and Wells, ibid. 1936, 1503; 1937, 

1828); for diagram of structure, see Co-(.)RI)INA- 
TiON Compounds, Yol. HI, 331. 

StERE OCHEM I STR Y. 

The structure of certain of the above metallic 
compounds shows that the 4-covalent phos¬ 
phorus atom has a tetrahedral disposition. 
Suitable rion-metallie derivatives of 4-covalent 
phosphorus should therefore be susceptible to 
optical resolution. This has been realised 
experimentally for tluee classes of compounds : 

(i) Fhosphhie Oxides. —Mcisenlieimer et al. 

(Ber. 1911, 44, 356; Annalen, 1926, 449, 224) 
have resolved pheiiylmethylethylphosphino 
oxide, PhMeEtPO, [Af]D -1-38'' in aqueous solu¬ 
tion, and jihenylbenzylmethylphosphino oxide, 
Ph(PhCH 2 )MePO, +19-° in aqueous 

solution. 

(ii) Phosphine Sulphides. —Davies and Mann 
(J.C.S. 1944, 276) resolved phenyl-j3-(carl)oxy- 
methoxy)phenyl - n - butylphosphine sulphide, 
Ph(CcH 40 CH 2 C 02 H)BuPS, [i/ju -19-6", 
~9*7° in benzene solution. 

(iii) Phosphonium Salts. —Holliman and ^Mann 
{ibid. 1947,1634) resolved 2-phenyl-2'p-hydroxy- 
phenyl -1:2:3:4 - tetrahydro - i.9ophosphinoliniuin 
bromide (IV), [M'\^ f 32-9® in alcoholic solution, 
which possesses great chemical stability, to 

CHg 

U/Ph Br 

/ \CeH,OH 
^2 

IV. 

PhgC-P-O-P-CPhg 

O OEt O OEt 

V. 

which its optical stability is considered to be due. 
Fruitless attempts by earlier workers to resolve 
phosphonium salts wore performed with com¬ 
pounds having at least one alkyl group joined to 
the phosphorus atom; a “ dissociation-equili¬ 
brium,” of the type R 4 pBr ^ RgP-j-RBr, 
could thus occur in solution and would cause 
very rapid racemisation. Finally, Hatt {ibid. 
1933, 776) separated ethyl triphenylmethyl- 
pyrophosphonate (V) into two forms, m.p. 222- 
223® and 228-231®, one of which must be the 
racemic and the other the meso-ioim.. Both 
forms on hydrolysis gave the same acid, which 
owing to resonance could not exist in two such 
forms. 
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It should be added that the above resolutions | 
conlirm but do not prove the tetrahedral dis¬ 
position of the 4-eovalent phosphorus atom. 

F. G. M. 

PHOTOCHEMISTRY. This subject com¬ 
prises the study of the chemical effects produced 
by electromagnetic radiation (visible and ultra¬ 
violet light and the near infra-red) of wave¬ 
lengths within the range 10,000 to 1,000 a. 

Units and the Quantum Theory.— 
According to the electromagnetic theory, light 
may be regarded as composed of waves, cha¬ 
racterised by their wave-length or by their 
frequency. Monochromatic light is light of one 
wave-length, or, more accurately, conlined to a 
narrow range of wave-lengths. The frequency v 
of a light wave is the number of oscillations per 
second, and its units are sec."^. Alternatively 
the frequency can be expressed as the wave- 
number, o), or the number of waves per centi¬ 
metre. Wo then have the relation oi—vjc cm.“^. 
where c is the velocity of light=2*99780x 
cm. per sec. hi vacuo. Ilie wave-length A in 
cm. is the reciprocal of the wave-number. It 
is usually expressed in Angstrom units, a., of 
magnitude 10~^ (sm., and sometimes in milli¬ 
microns, m/x., which are 10*"'^ cm. or 10 a. The 
velocity of light in material media is less than 
that iu vacuo and varies with the frequency, 
being equal to c divided by the refractive index 
of the substance. The wave-number and wave¬ 
length of light actually traversing a material are 
therefore dependent on the refractive indices, 
but in recording data on light absorption and 
photochemistry those quantities are always 
referred to light moving in vacuo. 

When light is emitted or absorbed by matter 
its behaviour is expressed by quantum theory. 
Atoms or molecules give out or take up light 
only in energy steps called quanta; the magni¬ 
tude of a quantum being proportional to the 
frequency by the relation : Energy of quantum 
(erg8)=Aiv whore h is called Planck’s constant 
and has the approximate value of 6*62x10“^^ 
erg-sec. By measuring, therefore, the energy 


per second conveyed by a beam of nearly mono¬ 
chromatic light whi(di is absorbed by some 
material we can estimate the number of quanta 
per second, and since each absorbing molecule 
takes up one quantum this is equal to the 
number of molecules “ physically activated ” 
per second. An intense light beam of the 
dimensions used in a laboratory photochemical 
exj^eriinent may have about 10^® quanta jjer 
second, and this may be absorbed by about 
molecules. Since the “ life ” of an “ acti¬ 
vated ” molecule is a very small fraction of a 
second we see that at any instant the concentra¬ 
tion of “ activated ” molecules is exceedingly 
small, and also that about 10^ seconds, or 80 
hours, are required to allow every molecule to 
absorb a quantum under the conditions given 
above, which represent an average of what is 
encountered in practice. 

Chemists usually prefer to work in unitLS of 
gram-molecules, or moles, instead of single 
molecules. 1 gram-molecule=6-02x 10-^ mole¬ 
cules, ~N. A gram-molecular quantum, or N 
single quanta, sometiraos called an einstein, 
represents the quantity of radiant energy neces¬ 
sary to endow one molecule of matter with one 
quantum per molecule. It may bo expressed in 
ergs, though more usually as kilogram-calories, 
and its magnitude is given by the equation : 
280,0()0/(wave-length in a.) = kilogram-calories. 

Physicists often use another energy unit called 
the electron-volt, which equals the energy an 
electron obtains when accelerated through a 
potential difference of one volt. By the 
relations E—hv—hcjX—hcco—eV where 
energy, e=electronic charge, and F=potential 
difference in volts, we can derive six equivalent 
ways of expressing energy absorbed by a mole¬ 
cule from radiation, all of which are in use in 
photochemical theory. These are as kilogram- 
calorics per gram-molecule, ergs per molecule, 
frequency, wave-length, wave-number, and 
electron-volts. The corresponding magnitudes 
of these quantities for different radiations are 
shown by Table I. 


Table I. 


Wavc-leiiKth, A. 

Wave¬ 

number, 

cm.' 

Frecjiiency, 

Kg.-cal. 

per 

g.-mol. 

Ergs per 
molecule. 

Electron- 

volts. 

10,000 

(near infra-red) 

10,000 

3xl0>* 

28-6 

1-98x10-12 

1-234 

7,000 
(deep red) 

14,285 

4-29x1014 

40-7 

2-82x10-^2 

1-76 

5,800 

(yellow) 

17,240 

5-17xl0i‘ 

49-4 

3-42x10-12 

2-13 

5,200 

(green) 

19,230 

5-77X 10»* 

66-1 

3-8 X 10-12 

2-37 

4,600 

(blue) 

21,740 

6-52 X 101* 

62-3 

4-3 X 10-12 

2-68 

4,000 

(violet limit of visible spectrum) 

25,000 

7-6 xl0« 

71-6 

4-96x10-12 

3-09 

3,000 

(near ultra-violet) 

33,333 

101 ® 

96-3 

6-6 X10-12 

4-11 

2,000 

(ultra-violet) 

50,000 

1-5 xlOi® 

143-0 

9-9 X 10-12 

6-17 

1,000 

(far ultra-violet) 

100,000 

3 xlO" 

286-0 

19-8 X 10-12 

12-34 
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It may be noted from this Table that the 
kilogram-calories received per gram-molecule 
from radiation between 10,000 and 1,000 a. 
varies from 28-() to 28G. Those magnitudes are 
comparable with, or greater than, chemical heats 
of formation; eg., th(? heat of formation of 
hydrogen chloride from molecular hydrogen and 
chlorine is 22 kg.-cal., and from the elcmenta 
in the atomic form, 100 kg.-cal. The long-wave 
limit of photochemical activity is set by the fact 
that quanta of infra-red radiation are small and 
unequal to the bringing about of chemical change. 
Tlui absorption of infra-red also affects molecules 
in a different way from the shorter wave-lengths 
of Table I. Through the action of infra-red 
radiation molecules arc caused to vibrato and 
rotate, while the absorption of quanta of visible 
or ultra-violet light usually alters the chemical 
linking of molecules by energising the electrons 
associated with the links. At wave-lengths 
shorter than 1,000 A., in the X-ray region, radia¬ 
tion affects electrons lying deeper down in the 
atoms comi)osing the molecule, and so does not 
dire(^tly disturb the outer “ valency ” electrons. 
Cliemical changes caused by these rays are of a 
secondary origin and are not usually included 
in the subject of photochemistry. These con¬ 
siderations defining the range of Table I are 
reinforced by practical limitations. Eor wave¬ 
lengths shorter than 1,000 a. no materials arc 
transparent enough for the construction of 
apparatus, and even up to 1000 a. atmospheric 
oxygen acts as an absorber, preventing the radia¬ 
tion passing from light source to the photo¬ 
chemical cell. 

Light Sources.—'The choice of light source 
for photochemical purposes depends on the 
wave-length region desired, the photosensitivity 
of the reaction, and whether the experiments 
are to be merely qualitative or accurately quanti¬ 
tative. The features of certain light sources are 
given below. 

The sun provides very intense visible light, 
especially when condensed with a mirror or lens, 
but it is scarcely suitable for quantitative work. 

The electric arc (best with cored carbons) is 
also a brilliant light source for the visible, but 
shares with the sun the defect of variations in 
intensity. For the visible region, where a light 
source giving a continuous spectrum is required, 
tungsten lamps are best. For use with filters, 
high-wattage filament lamps (projection type) 
or Pointolite lamps are employed, while ribbon 
filament lamps are necessary for work with a 
monochromator. When light in the blue end 
of the spectrum is desired it may be necessary 
to over-run the filaments to secure sufficiently 
high intensities. A continuous-spectrum light 
source for the ultra-violet (to 2,000 a.) is found 
in the hydrogen discharge lamp. This is more 
commonly used for absorption spectra measure¬ 
ments than for actual photochemical work, as 
line sources are better for the latter. The older 
pattern consists of a long tube with a silica end- 
window, fitted with large aluminium electrodes 
and containing pure hydrogen at 1-10 mm. pres¬ 
sure. The ultra-violet omission is excited by the 
^application of 2,000-6,000 v. and einerges as a 
narrow pencil of rays axially. LoW-voltage 
tubes operating on 110 v. a.c., having specially 


prepared a Ik aline-earth oxide coated electrodes, 
have been developed more recently. 

Light sources giving discontinuous spectra are 
commonly preferred for photochemical work, 
owing to the high intensities of monochromatic 
light attainable, and the most important of 
these is the mercury arc. Thes usual t 3 q )0 is the 
medium-pressure arc, and consists of a dis¬ 
charge ill mercury vapour at pressures varying 
between one-eighth and 2 atm. Many different 
designs are available, but all consist of a clear 
fused-silica tube in which the discharge passes, 
varying in shape, in the electrodes (whether 
tungsten or liquid mercury), and in the mode of 
filling (whether of the sealed or “ open ” type). 
The arc is usually 5-10 cm. long in a tube of 
1-2 cm. diameter, carrying 3 4 amp. The lamps 
are operated on d.c. or a.c., according to the 
design. The light output depends on throe 
variables, the arc current, the arc voltage, and 
the pressure of the mercury vapour, the latter 
being fixed by the steady temperatiiro (300- 
400°o.) attained by the lamp under the conditions 
of cooling employed. Fixing two of these 
variables also fixes the third; consequently a 
constant current and voltage can be maintained 
only by control of the cooling. Most lamps are 
designed for operation in free air ,* enclosure in 
a box or subjection to a current of air will there¬ 
fore modify their light output at fixed voltage. 
The light output is greatest with high voltage 
and low current, corresponding to higli pressures 
and operating temperatures. Under these con¬ 
ditions the life of the lamp through loss of trans¬ 
parency of the tube is shortened, and in practice 
a balance between high output a?id long tube 
life is chosen. By decreasing the tube diameter 
the brightness per unit area of the source is in¬ 
creased. J^^or use with monochromators a high 
intrinsic brightness is very desirable, and 
capillary arcs (2 mm. diameter) have been 
designed for this purpose. Their life is short, 
but now ones may bo easily constructed for each 
experiment. Table 11 lists the chief emission 
lines of the mercury arc, and gives average values 
for the number of einstcins obtainable for photo- 
chergical purposes. 


Table IX. 

Nhv per sq. cm. per see. available from mercury 
lamps takiiiK. 4 amp. at 1150 v. across arc; either at 
working distance of 3-5 cm. from a inedliim-presRuro 
arc, or at slit of a monochromator with capillary 
arc. 


Wave-length, A. 


Nhv per sq. cm. 
per sec. 


5461 Green . 
4358 Blue . 


4046 Violet . 


3660"! 

3130 

3021 

2804? 

2654 

2537J 


Ultra-violet . 


25X10-S 

18x10-8 
13x10-8 
6x10-8 
18x10-8 
10 X 10-8 
5x10-8 

1- 8x10-8 

2- 2x10-8 
2x10-8 
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Wc may oaloulato from this Tabic, for example, 
lliai a ,‘J-hour exposure of a cell of 10 H(p cm. area, 
distant 3-6 cm. from the lamp, to the wave¬ 
length 3,130 A. (supposedly isolated) will 
“ physically activate ” 10“2 g..mol., the light 
being assumed to bo completely absorbed in the 
cell. Another typo of mercury arc is designed 
to operate at higher pressures (up to 80 atm.); 
these arc of short life (about 50 hours), but the 
light is of an intrinsic brilliance one-fifth that of 
the sun. The mercuiy lines are broadened and 
those of shorter wave-length reduced in intensity 
by resonance absorption. An entirely different 
typo of mercury lamp contains about 5 mm. of 
helium or neon, and operates at ordinary tem¬ 
perature. About 10% of the electrical energy 
consumed, and about 90% of the energy radiated 
as light, appears at the w^ave-length of the mer¬ 
cury resonance lino 2,537 a. This lamp affords 
the most efficient means of obtaining this wave¬ 
length, but its intrinsic intensity is not high. 

Radiation in the wave-length range 2,300- 
. 1,400 A. of intensities about 10~^® A7ir per scj. 
mm. per sec. is obtainable from condensed sparks 
between electrodes of cadmium, zinc, or alumi¬ 
nium at a power consumption of 1,000 w. Still 
shorter wave-lengths down to 1,050 A. are pro¬ 
duced by special gas-discharge lamps containing 
xenon, krypton, or argon. 

Cells.—Cells for reaction mixtures or filters 
are usually constructed of glass for wnrk in the 
visible region and of clear fusc5d silica for work 
to 2,000 A. “ Perspex ” may bo used for the 
near ultra-violet region. Ikyond 2,000 A. crystal 
quartz transmits to 1,800 A,, selected fluorite to 
1,350 a,, and lithium fluoride to 1,000 a. in 
thicknesses of 1 mm. 

Experimental Arrangements. —For non- 
quantitative preparative work, photo-active 
systems may be simply exposed to sunlight or 
intense arc or mercury larni) light, with or with¬ 
out a light filter. A suitable straight-pattern 
mercury, lamp may be concentrically surrounded 
by a cooling jacket containing a circulated filter 
liquid and again by an annular tube for the 
reaction mixture. Where precise measurements 
are necessary the problem becomes more cumpli- 
eated and experimental arrangements more 
diverse, as many factors arc involved. The 
reaction mixture is then contained in a cell with 
plane faces back and front, on to whiph is directed 
an approximately parallel uniform beam of 
intense, nearly monochromatic radiation. With 
non-uniform non-parallel light beams and cells 
of other shape the evaluation of tho light 
absorbed may be extremely complicated. The 
cell size depends on tho light beam available and 
whether the absorption is strong or weak, and 
other features, such as stirring arrangements or 
mode of filling, on whether the system to be 
studied is gaseous or liquid, etc. Several 
methods are available for rendering tho light 
monochromatic or limiting it to a narrow wave¬ 
length range. The simplest is by employing a 
light filter. Used with a continuous source this 
isolates a band of wave-lengths of some width; 
with line sources such as the mercury lamp a 
filter effects a closer degree of monochromatisa- 
tion. Filters need to be carefully chosen to suit 
the spectral characteristics of the sources of 


light; they should remove tho infra-red in 
addition to oth(^r unwanted jadiation, bo reason^ 
ably stable to illumination, and transmit a high 
proportion of tho wave-lengths required within 
a narrow range. For visible light, coloured 
glasses and dyed gelatine-film filters are avail¬ 
able, while liquid filters may be used both for 
visible and ultra-violet work. Solutions of suit¬ 
able strengths and thicknesses of copper sul¬ 
phate, chloride, or nitrate, or of amnioniacal 
eoj)per sulphate, are valuable for removing infra¬ 
red and longer-wave visible light up to any 
point in the blue. Combined with solutions of 
dichromato to remove light of shorter wave- 
lengtlis than the yellow, or chromate for light 
shf)rtcr than tho green, or strong sodium nitrite 
solution to remove light shorter than the blue, 
a wddo range of visible transmissions can be 
realised. Other useful filt(;r8 are iodine in 
(‘arbon tetrachloride to transmit the violet, 
nickel-oxide glass for tho mercury line 3,660 a., 
nickel-cobalt solutions (360 g. of NiS 04 , 6 H 20 
and.lOO g. of CoS 04 , 6 H 20 , very free from iron, 
made up to 1 litre with w'ater; 4 cm.) for re¬ 
moving tho visible and transmitting the ultra¬ 
violet 3,300-2,300 A., gaseous chlorine for trans¬ 
mitting 2,800-2,300 A. while removing the rest 
of the ultra-violet, and the following for cutting 
off shorter wave-lengths: 1% ferric alum in 
2js. sulphuric acid (3,800 a.), potassium 
hydrogen phthalate (3,000 a.), potassium iodide 
(2,600 A.) and 4n. acetic acid (2,400 a.). As an 
alternative to filters in the visible region a 
device due to Christiansen may bo used. It 
consists of a glass cell filled with glass powder 
and methyl benzoate and thormostatte(i. The 
refractive indices of the glass and tho liquid 
coincide exactly only at one w'avo-lcngth, which 
varies with tho temperature. A narrow spectral 
rcigion near tho coincidence is transmitted by 
the cell, adjustable by temperature control, 
while tho remainder of the light is eliminated by 
scattering. Very short-wave light from sparks 
is most conveniently treated by “ focal isola¬ 
tion,” use being made of two crystal quartz con¬ 
densing lenses and small a})erture3 placed at the 
points where they bring to a focus the wave¬ 
lengths required. For tho visible and ultra¬ 
violet region to 2,600 A. an expensive but very 
satisfactory device is a specially designed liigh- 
aperture monochromator. This is constructed 
of fused silica for ultra-violet work and used in 
conjunction with a high-brightness capillary 
mercury arc. Tho transmissive qualities of 
silica monochromators begin to fail beyond 
2,600 A., but for work with tho mercury line 
2,537 A. they are unnecessary because of tho 
availability of the special mercury lamps, the 
radiation from which is largely concentrated at 
this wave-length. 

A quantitative photochemical experiment in¬ 
volves the determination of the amount of light 
of defined wave-length reaching tho reaction cell 
during the time of exposure, the fraction of that 
radiation actually absorbed by the reactants, 
and the nature and amount of the chemical 
change produced. Tho amount of light reaching 
the oell is usually determined with a thennopilo 
and galvanometer which has been calibrated in 
energy units (ergs per sq. cm. per sec.) by means 
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of a “ standard lamp,” the emission of this 
(sub-) standard having been determined at a 
standards institution by reference to the absolute 
radiation from a ** black body ” of known tem¬ 
perature, The thermopile may be of “ surface 
typo ” ; greater accuracy is, however, obtainable 
by “ integrating ” the light beam with a movable 
“ linear ’^thermopile. From the number of ergs 
impinging as radiation during the exposure on 
the photochemical cell the number of einstoins 
or units of Nhv are calculable from the simple 
quantum relation. To find the number of these 
units absorbed allowance must be made for light 
losses by reflection from the coll faces and for 
light unabsorbod. The fraction of the light 
absorbed may be determined by placing the 
thermopile behind the cell, or it can be cal¬ 
culated from the “ extinction coefficients ” as 
determined by standard methods of absorption 
spectroscopy. In the absence of complicating 
effects, such as the presence of other absorbing 
materials, or changes of molecular structure or 
environment with concentration, the fraction of 
light absorbed from a monochromatic parallel 
light beam by a thickness of solution d cm. 
-_(l_10-ccd) where € is the molar extinction oo- 
cfiicient and c the concentration of the absorbing 
substance in g.-mol. per 1. A similar expression 
liolds for gases with the pressure substituted for 
the concentration. Careful attention must bo 
given to many details in the above determina¬ 
tions ; the constancy of the light source, changes in 
absorption during exposure, the possibility of the 
formation of other inert absorbing substances, 
or of precipitates which scatter the light. Con¬ 
ditions are somewhat simplified if the light 
absorption is either total or very weak. In the 
former case, disturbing causes being absent, the 
number of molecules receiving a quantum is 
independent of concentration, so that the photo¬ 
change is linear with time, while in the latter 
case the absorption is proportional to the con¬ 
centration, so that the photo-change follows a 
“ uni molecular ” law. There remains the deter¬ 
mination of the amount of chemical change pro¬ 
duced. For this there are as many methods as 
there are different photo-reactions; analysis by 
changes of pressure in gases, changes of titre in 
solutions, changes of light absorption or electrical 
conductivity, etc. Estimations may be dis¬ 
continuous, or flowing systems may be used. 
Three major difficulties almost always face the 
experimenter: {a) the absolute amount of 

chemical change is often very small, perhaps 
10~* to I0~® g.-mol. per hour of exposure; 
(b) the final products are often a complex mix¬ 
ture of difficultly identifiable substances the 
proportions of which vary with the length of 
exposure; and (c) the final products are the 
result of complex secondary reactions which 
obscure the nature of the primary photo-ohange. 
For this reason, in spite of intensive study in 
xortain cases, the mechanisms of few photo¬ 
chemical reactions have been satisfactorily 
worked out. 

Determination of Kinetics.—^Ina complete 
study of a photochemical reaction, measurements 
as described above are carried out with changes | 
in all the possible variables, namely, light in- j 
tensity, wave-length, and concentrations or I 
VoL. IX.—34 


partial pressures of the reactants over a wide 
range, together with a study of the effects of 
suitable additions to the system, such as the 
artificial introduction of atoms or radicals. 
These results permit of the formulation of the 
kinetics of the reaction, i.e., of the mathematical 
relationship between the reaction rate and the 
above variables. The next stop is to discover, 
by trial and error, a sot of chemical equations 
which are in agreement with the measured 
kinetics. As a guide, attention is directed to two 
I considerations. First, the quantum efficiencies 
of the reaction under various conditions are cal¬ 
culated. These are the ratios of molecules 
reacted to quanta absorbed, or, what is equiva¬ 
lent, gram-molecules reacted to einstoins 
absorbed. If every molecule which absorbed 
a quantum, thereby becoming “ physically ” 
activated, simply underwent chemical change 
into a stable product molecule, the quantum 
efficiency would bo unity. Exceedingly few 
reactions show such simplicitj^ and values of 
quantum officiencios vary from very small 
fractions to figures of the order of a million. If 
the efficiency is fractional it indicates that not 
all the “ physically ” activated molecules pro¬ 
ceed to permanent chemical reaction; this state 
of affairs is found with most coloured substances, 
such as dyes, w'hich fade very slowly in light. 
Efficiencies greater than unity show that 
“ physically ” activated molecules bring about 
the chemical reaction of a greater number of 
molecules wliich have not been directly excited 
by the light; t.e., they sot up a “ chain 
mechanism.” This they do usually by dis¬ 
sociating into atoms or radicals the high chemical 
activity of which brings about the reaction 
” chain,” Examples of these types of behaviour 
are discussed in detail below. The second (jon- 
sideration which is relevant is the nature of the 
spectrum of the absorbing substance. As ex- 
plamed below, under favourable circumstances 
it is sometimes possible to discover the primary 
chemical effect produced by the light after 
“ physical ” activation of a molecule; with this 
primary change established one can proceed 
with more confidence to attempt to unravel th(‘ 
secondary chemical reactions (of a thermal and 
non-photochemical character) which are so 
common a feature in photochemistry. As will 
appear later, it often turns out that even when 
the above considerations are fully taken into 
account the kinetics provide ambiguous answers ; 
more than one set of chemical reactions satisfy 
them and it may be difficult or impossible to 
distinguish between two or more plausible 
” mechanisms.” 

According to the electronic theory, atoms con¬ 
sist of minute positively charged nuclei round 
which are grouped the negatively charged 
electrons. These electrons occupy certain regions 
of space round the atom, the theoretical subject 
of wave-mechanics purporting to define those 
regions in mathematical terms. Only a limited 
set of different arrangements of the electrons 
appear to be possible, and the laws of these 
arrangements, given by “ wave-equations,” 
somewhat resemble the laws of vibrations of 
complex objects such as a bell, which are 
restricted to certain types of fundamentals and 
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overtones or harmonics. Each difi'erent elec¬ 
tronic arrangement of an atom has a different 
energy; the state of lowest energy is called the 
“ ground state.” If radiation falls on a system 
consisting of atoms in their “ ground states,” 
one of two i)ossibilitie8 may occur. The system 
may be transparent to the radiation ; here the 
electromagnetic waves temporarily distort the 
electronic arrangements as they pass by, but 
produce no permanent effect on the matter. A 
reduction occurs in the velocity of the radiation 
]>y its interaction with the atoms; this effect 
being known as refraction and dispersion, but no 
chemical change can result. On the other hand, 
the system may be more or less opaque to the 
radiation -and the atoms may absorb it. This 
occurs when the frequency of the radiation is 
such that the quantity of energy hv just equals 
the energy necessary to cause an atom to change 
1‘rom its ground state to a higher state with a 
different electronic arrangement. The number 
of atoms so affected e(pials the number of 
“ quanta ” absorbed. Owing to the limited 
number of states possible for any atom, atomic 
spectra consist of narrow lines of frequencies 
given by the above quantum relationship. 8uch 
an absoi ption spectrum is shown by the Erauen- 
hofer dark lines of the solar spectrum. 

When these considerations sketched in outline 
above are extended to molecules additional com¬ 
plications are observed. The laws of the group¬ 
ing of electrons in molecules are the same as 
those for atoms, but are more difficult to ajjply, 
since a molecule has more than one nucleus 
vithin it. When chemical bonding occurs 
between two atoms, certain electrons (from the 
outermost electrons of the atoms) are hold in 
common by the two nuclei, wldlo the remaining 
(dectrons continue to be associated with one 
nucleus onl}’. A ” single bond ” in chemistry 
corresponds to a jjair of electrons held in com¬ 
mon by two atomic nuclei, and a “ double 
bond ” by two pairs so held. In the latter case 
the two paii’s are not similar, but occupy 
different regions of space in the bond, one pair 
being more weakly “ bound ” than the other. 
Because of this weak binding, molecules with 
double bonds absorb at longer wave-lengths than 
those with single bonds only, and more com¬ 
monly feature in photochemical reactions. In 
organic compounds with “ conjugated ” struc¬ 
tures, i.e.y those having double and single bonds 
arranged alternately when the molecule is con¬ 
ventionally symbolised by a chemical structure 
formula (e.j/., butadiene or benzene), certain 
bonding electrons are shared between more than 
two nuclei, so that the true “ structure ” cannot 
be represented adequately by a valency formula. 
These molecules are of peculiar interest in photo- 
(hemistry, but the difficulty of understanding 
the effect of absorption of light is enhanced by 
their structural peculiarities. It may be stated 
in general terms, however, that when any mole¬ 
cule absorbs radiation lying roughly in the limits 
10,000-1,000 A. its electronic arrangement is 
altered. One electron is removed from the 
position it occupies in the “ normal ” or 
“ ground ” state and is elevated to another 
position of higher energy within the molecule. 
The electron so affected is usually one from the 


“ bonding ” or “ shared ” electrons in the mole¬ 
cule, causing an immediate and profound change 
in the chemical links holding the molecule 
together; in certain instances, however, the 
light is taken up by a “ non-bonding ” electron. 

When a molecule has been “ physically acti¬ 
vated ” by light absorption, whereby one of its 
electrons has been raised to a “ higher level,” it 
undergoes in a very short space of time, usually 
loss than 10“® second, one of the fates shown 
below in Table HI. 

Table III. 

1. Deactivation: 

(a) Spontaneous. 

(b) By collision. 

2. Fluorescence. 

3. Chemical reaction by collision. 

4. Dissociation into atoms or radicals : 

(a) Photo-dissociation: 

(i) Spontaneous. 

(ii) Induced by collision. 

(b) PredisHOciation: 

(i) Spontaneous. 

(ii) Induced by collision. 

These possibilities are best cxplaincil by refer¬ 
ence to the “ potential-energy curves ” of di¬ 
atomic molecules. 

In Fig. 1 the ox axis represents distances 
between the nuclei of a diatomic molecule, ob 
being the inter-nuclear distance for the non- 
vibrating molecules, oy is an energy axis. If 
one atom is imagined fixed on the oy axis, the 
other atom may be represented as vibrating 
along the lines 1,1, 2,2, 3,3, etc., when the mole¬ 
cule has 0, 1, 2, etc., quanta of vibrational 
energy. (The apimrcnt vibrational energy of 
the molecule on the 1,1, level, where the mole¬ 
cule is regarded as having zero quanta of vibra¬ 
tion, is explained by wave-mechanics as “ zero- 
point energy.”) These points may be joined by 
the “ potential-energy ” curve ABC. The “ (•om- 
pressional ” limb ba rises steeply, but the 
“ stretching ” limb bc curves away to a hori¬ 
zontal asymptote CH owing to the weakening of 
the bond forces at high amplitudes of vibration. 
The height OH represents the energy of dis¬ 
sociation of the normal molecule into two un¬ 
excited atoms, since a vibration of infinite 
amplitude is equivalent to dissociation. At 
ordinary temperatures the majority of the 
molecules wdll be at the 1,1 level, this being 
their “ ground state ” as regards vibrational 
energy (see note above). A small fraction will 
be on the 2,2 level, and much smaller fractions 
still on the higher levels. Passage from level 
1,1 to level 2,2 corresponds to absorption of a 
quantum of infra-red radiation while jumps 
from the 1,1 level to higher levels, requiring 
higher energy, are very improbable and arc 
therefore associated with exceedingly w^eak 
absorption bands. 

Above the curve abc is a similar one def repre¬ 
senting the vibrations of an excited molecule, 
i.e., one in which an electron has been excited 
by receiving a quantum of energy given by the 
height of B above ox. The magnitude of this 
quantum corresponds to the absorption of 
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visible or ultra-violet light. Such a molecule, 
on dissociation (asymptote fj), gives one excited 
and one normal atom, the distance of being 
the excitation energy of the atom. The passage 
of a molecule from one curve to the other is 
governed by the Franck-Condon Principle. 
This states that when the electron is excited by 
absorbing a quantum of radiation it moves to 
its new position so rapidly second) that 

the vibrations of the nuclei (period about 
10~^^ second) cannot keep pace. Since almost 
all the absorbing molecules at ordinary tempera¬ 
tures arc practically at point b of Fig. 1, and by 
the above principle the inter-nuclear distance 
cannot alter during absorption, the process of 


excitation is represented by the vortical lino 
BG. A compressed excited molecule results, 
which at once begins to vibrate (in Fig. 1, along 
the 4,4 level). This illustrates the important 
difference between the absorption spectra of 
atoms and molecules. When the latter absorb 
light the electronic transition is accompanietl 
by changes of vibrational energy. Changes of 
rotational energy also occur, but are not repre¬ 
sented by the figure. The vertical transition 
from B to G represents the most probable tran¬ 
sition ; transitions to the levels 3,3, 2,2, 5,5, 
6,6, etc., of curve uef, lying just off the vertical 
line, are also possible with lesser i>robabilities. 
The spectrum resulting from these transitions is 
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shown to the left of the axis OY. As oy is an 
energy axis, and quantised energy is proportional 
to frequency, the absorption spectrum appears 
on a frequency scale. The spectrum is a series 
of lines corresponding to jumps from b to the 
different vibrational levels of curve def, which 
converge to a limit j. Each “ line ” is really a 
bunch of finer lines (“ rotational structure ”) 
due to simultaneous changes in the quantised 
rotational energy of the molecule. Absorption 
of light of frequency beyond J causes the mole¬ 
cule to dissociate into one normal and one 
excited atom; since these atoms can separate 
with any value of (non-quantised) translational 
energy the spectrum here becomes structureless 


or continuous. The curve klm represents the 
distribution of the intensity of the absorption. 
This is most intense at L, corresponding to point 
g, and falls on both sides, more steeply towards 
the side of lower frequencies. The features of a 
“ typical ” molecule absorption spectrum may 
thus bo summarised: passage from the ground 
state to an electronically excited state corre¬ 
sponds to a broad region of absorption. This 
consists of “ lines,” or better, “ partial bands,” 
due to changes of vibrational energy, each 
“ partial band ” having a “ rotational fine 
structure ” of finer lines, and of a region of 
continuous absoiqition at shorter wave-lengths. 
Absorption in the continuous region “ photo- 
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dissociates ” the molecule into atoms (4 (o) (i) of 
Table III). Absorption in the banded region 
gives an electronically excited molecule, which 
may undergo a variety of fates. Its energy is 
greater than that corresponding to the asymp¬ 
tote CH ; is more than sufficient to dis¬ 

sociate the molcMJulo into two normal atoms. 
This, however, is possible only when the energy 
is re-arranged in a suitable collision, and pro¬ 
cess 4 (a) (ii) of Table HI occurs. Collision with 
another molecule may, however, rob the excited 
molecado of its energy, degrading it to heat, 
giving process 1 (6), or alternatively lead to 
chemical reaction, process 3 of Table III. It 
may happen that the electronic structure of th(^ 
excited molecule is one of unusual stability and 
insensitivity to collisions; here by the effect of 
collisions it will come into thermal equilibrium 
with the system, lose the high vibrational 
energy and pass from o to e (Eig- 1). After an 
interval of about 10“® seconds the molecule may 
lose its electronic energy by re-radiation; it 



drops down a vertical line from E to levels 
around 5,5 of curve abc, emitting & finorescence 
spectrum mostly of lower frequencies than the 
absorption spectrum (Stokes’ law), as the 
distances travelled are less than gb. (Process 2 
of Table III.) 

Some diatomic molecule spectra differ from 
the “ typical ” one. The spectrum may be 
wholly continuous, due to point a (and hence l) 
lying well above the asymptote fj, or to the 
upper curve having no minimum and converging 
to CH (unstable upper state, see curve pr of 
Fig. 3). Another possibility is shown in Fig. 2, 
The potential energy curves of the two states 
cross, so that an excited molecule (curve dbf) 
can lose its energy by spontaneously passing 
over to curve abo at points e or N, reverting to 
the ground state (with excess vibrational energy 
(juickly lost by collisions). This corresponds to 
1 (a) of Table HI. A more complicated picture 
is shown in Fig. 3. abo is the ground state, and 
DEF the electronically excited state reached by 
the absorption of light. The curve of an “ un¬ 


stable ” or “ repulsional ” electronic state repre¬ 
sented by PR cuts i)EP at n. The absorption 
band corresponding to transitions from b at 
energies or frequencies below N shows the normal 
“ partial band ” system with “ rotational fine 
structure.” At N or above, however, the excited 
molecule changes over to (;urve pr and dis¬ 
sociates into normal atoms after executing a few 
vibrations. As rotational periods are compara¬ 
tively long (10”^^ second) the molecule may not 
complete a rotation before this occurs, so that the 
“ rotational fine structure ” of the “ partial 
bands ” is blurred. The phenomenon of blurred 
rotational structure, associated with a delayed 
process of dissociation, is called “ predissoeia- 
tion.” Fig. 3 illustrates process 4 (5) (i) of 
Table III; 4 (6) (ii), manifesting itself by a 
blurring dependent on pressure, needs a more 
complicated diagram with one more upper state 
for a complete interpretation. • 

It would seem from the above considerations 
that from the appearance of the absorption 



Fig. 3. 

spectrum it should be possible to decide on the 
primary effect of the light on the, molecule; 
whether a relatively stable excited molecule is 
produced, or whether dissociation, delayed or 
otherwise, occurs. Unfortunately, matters do 
not turn out so simply, especially when molecules 
of greater complexity than diatomic are con¬ 
cerned. Here the potential energy curves be¬ 
come hyper-surfaces in polydimensional space, 
which intersect in complicated ways and cannot 
be elucidated in detail. Blurred rotational 
structure is sometimes observed where thermo¬ 
chemical evidence makes the assumption of dis¬ 
sociation impossible; on the other hand, sharp 
rotational structure is observed in other cases 
where dissociation does occur, but after an 
interval so long that the rotational energy of the 
molecule can impress its quantisation on the 
spectrum. Continuous spectra may occur with¬ 
out a dissociation process merely because they 
are formed by the overlapping of thousands of 
lines of slightly different frequencies. Sub¬ 
stances in the liquid or dissolved form always 
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show absorption spectra with the rotation struc¬ 
ture and most, if not all, of the vibration struc¬ 
ture smeared out owing to the “ detuning ” of 
the molecular frequencies due to the variable 
but powerful electrical interactions between 
molecules in close proximity to one another. 
Consequently the information derivable from 
an examination of the absorption spectrum may 
be negligible or even deceptive. For certain 
diatomic molecules in the gaseous state, however, 
the spectral evidence is clear and decisive; it is 
fundamental, in fact, for the interpretation of 
certain photochemical reactions of importance. 
Examples of these are described below. 

It has already been pointed out that the 
primary effect produced by the light often bears 
little relation to the final products of 2>hoto- 
chemical change, owing to deactivation, thermal 
chain mechanisms, etc. In most instances, 
however, the final measured chemical change is 
proportional to the amount of Light absorbed by 
the photo-active substance in the system. Cer¬ 
tain examples nc^’orthGless show a different 
behaviour, the measured rate being proportional 
to the square root of the light absorbed. The 
examination of such reactions needs particular 
care; for example, if the light is moderately 
strongly absorbed, the amounts of light absorbed 
vary with depth in the system, and the over-all 
photochemical rate is not simply the sum of 
rates calculated as for the more usual case of 
proportionality to the light intensity. The 
square root relationship always arises from one 
cause; the production of atoms or radicals 
directly or indirectly by the light followed by 
the recombination of the majority of these atoms 
or radicals according to a himolecular reaction 
law. The measured photo-change is then a 
by-product effect arising from the further 
reactions set up by the minority of the atoms or 
radicals, namely, those which escape recombina¬ 
tion. The rates of photo-reactions of this type 
vary in an important way if intermittent light is 
used; for the same amount of light the rate is 
faster if the intermittency is rapid than if it 
is slow. Experiments on this are conducted by 
interposing the arms of a rotating sector in the 
light path, by varying the speed of which 
the intermittency is varied. At iigh speeds the 
atoms or radicals, which are constantly being 
formed by the light, do not have time to recom¬ 
bine appreciably during the dark intervals, and 
so maintain a relatively high stationary con¬ 
centration which determines the rate of the 
measured photo-change. At low speeds the con¬ 
centration of the atoms or radicals drops to zero 
during the dark intervals, and this reduces the 
measured rate. Over a narrow range of inter¬ 
mediate speeds the measured rate changes 
rapidly from one value to the other. The 
average period of illumination or of darkness 
corresponding to this change-over is an approxi¬ 
mation to the half-life period of the atoms or 
radicals, i.e,, of the time for their concentration 
to fall to one half. In this way reaction- 
velocity data are obtainable for an otherwise 
inaccessible part of the total photo-change. 

The effect of temperature on a photo-reaction 
depends, very much on its complexity. Re¬ 
actions which have no “ chain mechanism ” 


usually show almost a zero temperature co¬ 
efficient. Since hght absorption varies very 
little with temperature this is so whether the 
overall rate or the quantum efficiency is con¬ 
sidered. Where extensive secondary reactions 
occur, however, the temperature dependence is 
that of one of the thermal reactions involved 
and may be high. 

Actinometry. —Many attempts have been 
made in the past to utilise seleclod photo- 
reactions for the measurement ol light intensity 
and so as standards for comparison with other 
photo-reactions. It is a good illustration of the 
general complexity of photo-reactions that few 
have boon successful. A suitable system should 
have a light absorption unchanged by reaction, 
be free from objectionable characteristics such 
as absorption or scattering of light by the pro¬ 
ducts, and have a quantum efficiency indepen¬ 
dent of wave-length and strictly prc)2)ortional to 
the light intensity. No photo-reactions cover¬ 
ing the visible spectrum and fulfilling these con¬ 
ditions are available. For the ultra-violet 
region 4,000-2,000 a. aqueous solutions of 
uranyl oxalate with excess oxalic acid are 
valuable. The mechanism of this reaction is 
described below. The photo-decomposition of 
hydrogen iodide over the same wave-length 
range affords an actinometer suitable for work 
with gas reactions. At shorter wave-lengths the 
formation of ozone from oxygon and the decom¬ 
position of carbon dioxide may bo used. The 
advantage of an actinometric reaction as a com¬ 
parison in photochemistry is that, once the 
actinometer has been calibrated, the elaborations 
of thermo2)iles, etc., are avoided and corrections 
due to light losses in the apparatus by reflection 
or poor transmission automatically eliminated. 

SlJEVEY OP PnOTOCIlEMlCAL REACTIONS. 

Diatomic Molecules .—Hydrogen and nitro¬ 
gen scarcely absorb in the commonly agreed 
wave-length hmits of photochemistry, and are 
therefore unaffected diiectly by radiation within 
such limits. 

Oxygen absorbs strongly below 1,800 A. and 
the spectrum indicates that atoms are formed by 
photodissociation. A weaker absoriotion spec¬ 
trum at longer wave-lengths, 2,500-1,900 a., is 
detectable with oxygen at high pressure; here 
atoms are also formed by photodissociation, 
either spontaneous or induced. The final 
photo-product obtained is ozone by the reactions 

02‘f*l*tv —> O-f-O 
O fOg-f M -> O^-fM 

M stands for another molecule of oxygen or for 
any other suitable molecule present in the 
system, the intervention of which is required by 
quantum theory to carry away as translational 
energy any excess energy during the change. 
This is expressed commonly as the necessity for 
a “ three-body collision ” in elementary re¬ 
actions whore otherwise a single molecule (with 
strictly quantised internal energies) is produced. 
The quantum yield of ozone is ideally 2, and this 
value is reached under most experimental con¬ 
ditions, but smaller efficiencies occur at long 
wave-lengths, low pressures, and where the 
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ozone is allowed to accumulate so that a back 
photo-decomposition becomes serious. 

If hydrogen is added to the above system some 
water is formed at a very low quantum efficiency. 
The mechanism of this reaction has not yet been 
solved. 

The hydrogen halides absorb in the ultra-violet 
region; hydrogen chloride beyond 2,500 A., 
hydrogen bromide beyond 3,300 A., and hydro¬ 
gen iodide beyond 3,850 A. The spectra arc 
continuous, and indicate a process of photo¬ 
dissociation into normal atoms, the potential 
energy curve of the excited states being of the 
type PR of Fig. 3. When hydrogen chloride gas 
is exposed to short-w'avo ultra-violet light very 
little permanent photo-change is observed, 
however, owing to the rapid recombination of 
the dissociation products which occurs both 
thermally and photochernically (by the absorp¬ 
tion of light by the chlorine). In presence of 
oxygen free chlorino is produced in quantity, 
evidently owing to the removal of hydrogen 
atoms as water. Gaseous hydrogen bromide and 
iodide decompose in ultra-violet radiation with 
a (piantiim efficiency of 2, since back reactions 
are negligible: 

H+l 

H+HI -> Hg+I 

l+l+M -> Ig+M 

Each hydrogen atom produced reacts with 
another hydrogen iodide (or bromide) molecule, 
and the iodine (or bromine) atoms combine to 
molecules by a “ three-body ” collision. In 
presence of oxygen, water is formed, almost 
certainly through the intermediate formation 
of the unstable molecule HOg. 

The halogens have spectra and potential energy 
curves resembling those of Fig. 1, the features 
of the spectra being a banded system with 
rotational fine-structure on the long-wayo side, 
converging to a limit, followed by a region of 
continuous absorption towards the short waves. 
Other imperfectly investigated absorption 
regions exist in the further ultra-violet. The 
approximate limits, etc., of these bands are 
given in Table IV. The spectral facts very 


Table IV. 


Tfalo- 

gcii. 

Approxi¬ 
mate 
Unfits of 
first absorp¬ 
tion band, 
A. 

Con¬ 
vergence 
of partial 
bands, 

A. 

Maxi¬ 

mum 

absorp¬ 

tion, 

A. 

Data on 
second band 
system. 

Cl2 . 

5,400-2,600 

4,785 

3,400 

Beyond 
2,000 a. 

Br2 . 

6,000-3,300 

5,100 

4,100 

Around 
2,250 A. 

I 2 . 

7,000-4,300 

4,995 

5,000 

3,003 A. to 
very short 
wave-lengths. 


clearly indicate that when the halogen mole¬ 
cules absorb light they photodissociate into 
atoms; beyond the convergence limits this 
occurs spontaneously, as explained by Fig. 1, 
and in the banded region the dissociation is 
brought about by collisions (process 1 (6) of 


Table III). Both in the gaseous or in the dis¬ 
solved state of the halogen, illumination must 
cause dissociation with a quantum efficiency of 
two atoms per quantum; these atoms either 
speedily recombine to molecules, or, if some 
other reactive substance is present, take part in 
secondary changes of ordinary “ thermal ” 
reaction character. These subsequent reactions 
prove to be of a very complicated and elusive 
nature, and in spite of a vast amoimt of work on 
photochemical “ halogenations ” much still 
remains obscure. Some of the more salient and 
settled facts are discussed below. 

The photo-reactions of the halogens with 
hydrogen have proved of exceptional intricacy 
and interest. Following the production of 
halogen atoms by the light, the reactions below 
arc possibilities (X^halogen atom): 


Table V. 




Aetiv 

ition energy, 



kg.-eal. per g 

,-mol. 


Ileaction, 






Cl. 

Br. 

1 . 

1. 

X+H2->HXlH . . 

6 

18 

36 

2. 

HhX2->HX+X . . 

0 

0 

0 

3 ! 

X-fX4M->X2+M . 

0 

0 

0 

4. 

H + XlM->HX[-M . 

0 

0 

0 

5. 

H+H+MHg-f-M 

0 

0 

0 

6 . 

X+wall -> JX2 . 

0 

0 

0 

7. 

H-fwall-^iHg . 

0 

0 

0 


Reaction-velocity theory shows that the rate 
of a thermal reaction such as (1) above equals 
10^^ g,.inol. per c.c. per sec., where E is 

“ activation energy ” of the reaction, R the gas 
constant, and T the absolute temperature. The 
absolute values of the activation energies of 
reaction (1) arc all-important in determining the 
different features of the photo-reactions of 
hydrogen with the three halogens. In the case 
of iodine the exponential factor is so small that 
the rate of (1) is negligible, explaining the ex¬ 
perimental fact that no photo-combination of 
hydrogen with iodine is observed. With 
bromine, reaction (1) is extremely slow at 
ordinary temperatures, but is faster at about 
180°c., and only here is the photo-formation of 
hydrogen bromide easily measurable. The 
kinetics of the reaction are : 

_d[ H Br];dt=V/LH,])/{1+i,([H Br]/[Br J} 

where I is the absorbed light intensity. This 
equation can be shown to be in perfect accord 
with the following assumptions : 

(а) Dissociation of bromine molecules by light 

(proportional to /) ,* 

(б) Recombination of most of the atoms to 

bromine molecules (reaction (3), Table V); 
(c) A small fraction of the bromine atoms 
reacting as (1), Table V; 

{d) The hydrogen atoms disappearing by two 
competing processes, (2) Table V, and 
H-f HBr Hj-f Br. (This gives the 
term [HBr]/[Brj5] in the denominator.) 
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The mechanism of the reaction is thus very 
satisfactoriJy interpreted, and is found to agree 
with measurements on the thermal combination 
of hydrogen and bromine. Since this reaction 
obeys the y' 1 law the half-life of the bromine 
atoms can be determined by rotating sector ex¬ 
periments as described above. 

The photochemical hydrogen-chlorine reaction 
has been the subject of more investigations than 
any other photo-reaction, and no system has 
proved more tantalising and intricate. This in 
large part is duo to the enormous influence 
exerted on the measurements by minute amounts 
of various impurities. As a result much of the 
experimental work has proved in vain, many in- 
\ estigators having been led unfortunate will-o’- 
llie-wisj) chases. Though many obscurities still 
remain associated with this reaction, it is now 
]iossible to provide a mechanism for its chief 
features and to understand the general nature of 
its complexities. JDifliculties arise at the very 
outset of an experimental kind. Unless the 
apparatus is subjected to a treatment with hot 
(‘hlorino ladore use, traces of ammonia present as 
salts or albumenoid substances cause lengthy 
“ induction periods ” during which the photo¬ 
change is ap])arontly suspended until the nitro¬ 
gen chlorides formed are decomposed by the 
light. Even distilled water contains enough 
nitrogeneous material to produce an indu(‘tion 
period, and inhibition duo to tap-lubricants and 
drying agents have proved pit-falls for unwary 
investigators. Oxygen, an impurity difficult to 
remove, present at one part in a thousand or so, 
exerts such an effect on the photochemical rate 
as to make this inversely proportional to its 
concentration. Modern technique jmrifies the 
chlorine by liquefaction and low-tempcrature 
fractionation, and the photo-reaction is followed 
by measurenumts of the pressure of the hydrogen 
after condensation of the chlorine and hydro¬ 
chloric acid by li<iuid air, but uncertainties due 
to the unwanted introduction of inhibitors during 
the manipulations are always present. 

Under conditions of extreme purification, 
cpiantum efficiencies of 10®-10® have been 
observed. The initial photodissociation of 
chlorine molecules by light must therefore be 
followed by very long thermal “ reaction chains,” 
It is the efTect of impurities and vessel walls on 
these “ chains ” which produces the extreme 
sensitivity of the reaction to small and often 
difficultly cohtroUablo differences between dif¬ 
ferent experiments, since the “ stopping ” of a 
“ chain ” at an early stage may reduce the 
reaction rate by a factor of many thousands. 
The chain mechanism now rests on sound theo¬ 
retical considerations. It will bo seen in Table V 
that reaction (1) for chlorine has a low activation 
energy, so that an appreciable fraction of col¬ 
lisions at the ordinary temperature between 
chlorine atoms and hydrogen molecules yields 
hydrogen chloride and a hydrogen atom (esti¬ 
mated about 1 in 10®). The hydrogen atom can 
attack an unactivated chloride molecule (re¬ 
action (2)) to give hydrogen chloride and another 
chlorine atom, which is then free to react as (1). 
This self-repeating pair of reactions would lead 
to aq infinite quantum efficiency if no “ chain¬ 
ending ” processes were present. To the variety, 


535 

mode of action, and efficiency of “ chain-enders * * 
the reaction owes its complicated kinetics. 

No single kinetic expressioji has been found 
adequate to summarise experimental data ob¬ 
tained under all conditions. The alteration of 
one variable is often found to effect a complete 
change in the whole kinetics. For oxygen-free 
mixtures, in small vessels and with hydrogen in 
excess, d[HCIJ/dU-A^/[H2], the rate being pro¬ 
portional to the hydrogen and the light absorbed, 
and independent of the chlorine concentration ; 
the rate is also slower the greater the surfa(‘o/ 
volume ratio of the vessel. The chains evidently 
end by reaction at the walls : Cl+wall -> 

With excess of chlorine the rate expression in¬ 
volves the sfpiarc root of the light absorbed aiid 
an inverse dependence on the clilorine : 

d[HCIl/d«-.(/.V/tH2])/[Cl2l. 

The chief chaiii-endiiig i)rocess must here 
be either CI + Cl2 ”^Cl3; 2CI3SCIg or 
CIpCI-l-CI2-> 2CI2 (ccpiation 3, Table V). 
These alternatives cannot be disiinguished in 
any simple way. 

in presence of oxygen tlie kinetics are radically 
ditlbrcnt, and simultaneously with the hydrogen 
chloride formation some of the oxygon is con¬ 
sumed to form water. Sucdi an induced re¬ 
action is called ” ]ffi()tosensitisation.” The 
following reactions have to be taken into account 
to explain the facts : 

8. H 1 O2 f M -> HO2+M (M ---any mole¬ 

cule acting as thii'd body.) 

9 . CI+O2+M CIO2 I M“. 

10 . ho2 +H2 -^ HoO f oh. 

11. HO.,+ Cl2-> HCI fCIOg. 

12. HOgt HCI > HgO+CIO. 

13. H f H0+O2 H2O f OH. 

14. HpHCI+02-^ HaOfCIO. 

Reactions (13) and (14) are alternatives to (10) 
and (12). Under ordinary pressure conditions 
the kinetics arc: 

dLHCllAR 

=(fci/LH,][Cl2]+i-2LOJ)/([02][H2l+i-3[CI,l) 
and quantum efficiency of water formation 
-2[H2]/([H,]+3[CI,1). 

These expressions are deducible using equations 
(8-14) above, although the alternatives cannot 
bo distinguished. The following points should 
be noted. The assumption of the radical HOj 
rests for its justification on the effect of oxygen 
on the photo-decomposition of hydrogen iodide ; 
experimental facts here indicate that this radical 
is comparatively stable and has a long life. No 
hypotheses about the fate of the OH radical in 
equation (10) or (13) can be tested. As the pro¬ 
portion of oxygen in the mixture is increased 
the ratio HCI/HjO formed decreases from a very 
high value to about 1-5. The fact that the limit 
is not zero indicates that reaction (8) is faster 
than (9). Lastly, reactions (12) or (14) take 
account of the supposed inhibiting effect of 
hydrogen chloride on the reaction, an effect 
which in any case is small. 

The photochemical combination of chlorine 
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with deuterium is about one-tenth as fast as the 
corresponding reaction with hydrogen, owing to 
tlie slightly larger heat of activation of the 
change corresponding to (1) of Table V. 

The complexities associated with the presence 
of chlorine atoms, other atoms and radicals, and 
self-repeating chains ending in a variety of ways, 
are also found in other photochemical chlorina- 
tions. The features of these differ in detail, 
however, and in a few instances only have satis¬ 
factory mechanisms been proposed. 

The reaction of carbon mo7ioxide with chlorine 
obeys the kinetics: 

d[COCl2]/di-(/V^)[Cl2V[CO]. 

'lluH is explicable by a suitable combination of 
the follomng reactions: 

CO+Cl+M -> COCI I M 
COCI~>CO+CI 
COCH Cl2-> COCI 2 +CI 
COCI+CI -> CO+CI 2 
CO+CI+Cl ~>COCl2. 

The observed high quantum efficiency arises 
from the production of now clilorino atoms in 
the above thermal processes. 

In presence of oxygen the pliotosensitised 
formation of carbon dioxide is observed. The 
intermediate radical COCI appears to bo com- 
])eted for by CIg or O2; with the latter molecule 
the probable reactions are ; 

COCI+Oa-^COg+CIO 

C0+C10->C02+C1. 

Though much careful work lias been carried out 
on this reaction its details have not been com¬ 
pletely elucidated ; it seems reasonably certain, 
however, that the radical COCI plays an 
essential part. 

Photochemical chlorinations of hydrocarbons 
fixll into two types, substitution and addition. 
Of the substitution reactions, that with chloro¬ 
form is the simplest as there is only one replace¬ 
able hydrogen per molecule. The reaction has 
been studied both in the gas phase and in carbon 
tetrachloride solution. The quantum efficiency 
is high, and the kinetics are : 

d[CCl4]/d«-A;VV[Cl2]. 

The chlorine atoms produced by the light react 
thus: 

CHCl3fCl->CCl3+HCI. 

Repeating steps in the reaction chain are caused 
by: 

CCIj+Clj->CCI.+ CI. 

Finally, to fit with the experimental kinetics, 
the chain-ending process must be assumed to be: 

2CCl3dCla-^2CCl4. 

In presence of oxygen, photosensitised oxidation 
occurs giving phosgene. Possibly an inter¬ 
mediate radical CCi302 is formed, but the 
kinetics do not permit of a complete formulation 
of the mechanism. 


Saturated hydrocarbons can be photo- 
chemically chlorinated in the gas phase or as 
liquids. Unless explosive reaction sets in 
through the use of too high a light intensity, 
chlorine atoms replace hydrogen atoms without 
the breaking of C-C links. The reactions have 
chain mechanisms, are very susceptible to the 
presence of oxygen, and give complex mixtures 
of products. No useful generalisations are avail¬ 
able. The production of chlorinated derivatives 
of methane is very difficult to control; simul¬ 
taneous chlorination to all the products occurs. 
Toluene photo-chlorinates in its side-chain, and 
fatty acids in the a-position. The use of boiling 
liquids in the above chlorinations, which are 
typical of certain organic preparations, is to in¬ 
crease the rate by driving off oxygen, which acts 
as an inhibitor by interfering with the inter¬ 
mediate chain processes. 

The simplest addition type of chlorination is 
that of totrachloroethylene. The kinetics are : 


d[C2Cle]/d^^~.(A:v'J^)[Cl2l, 

differing from those of the chloroform reaction 
in that the chlorine appears as the first power. 
The quantum efficiency is high, and the follow¬ 
ing series of stops provide a mechanism : 


C2CL-^C2CL+CI 


CoCL+CL 




->C2Cl3-fCi 

^ 2C,CI,+ CI, 

C.CI,„ 


The chief product is hexachloroethane, but a few 
per cent of C4CI10 is formed, presumably by 
combination of C2CI g radicals. The assumption 
of other chain-ending processes as reaction (3) of 
Table V, or interaction of CgClg radicals and 
chlorine atom«, leads to a kinetic expression 
different from that found. In presence of 
oxygen the rate of photo-chlorination is greatly 
reduced and photosensitised oxidation of C2CI4 
to trichloroacetyl chloride and phosgene occurs. 
The kinetic data do not permit the details of 
this reaction to be elucidated, but it is likely 
that the intermediate radical CgHgOg is formed. 
The lower chlorinated ethylenes are photo- 
chlorinated (by addition mechanism) according 
to a similar scheme to the above. The behaviour 
of ethylene is somewhat different; the kinetics 
indicate that chlorine disappears at a rate pro¬ 
portional to the first power of the absorbed light 
intensity and independent of other variables. 
The chain-ending process appears to be a re¬ 
action between ethylene and an intermediate 
atom or radical, instead of a bimolocular atom- 
radical reaction which in the other instances 
gives rates dependent on the square root of the 
light intensity. 

The photochemical hromination of saturated 
organic compounds is much slower than the 
corresponding chlorination, but quantitative 
j details are lacking. The bromination of un- 
saturated compounds is also imperfectly under¬ 
stood. Di- and tetra-chloroethylene, oinnamic 
acid, and stilbene have been examined. In the 
two first examples the kinetics vary with the 
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pressure and with the light intensity, and it 
appears that the product (CgHgCI^Brj or 
C2Cl4Br2) is never obtainable quantitatively 
since it is subject lo decomposition by reaction 
with bromine atoms simultaneously with its 
formation. Oxygen exerts further compHcating 
effects. The photobromination of cinnamic acid 
in carbon tetrachloride solution proceeds under 
ordinary conditions at a rate proportional to the 
square root of the light absorbed and to the 
bromine concentration; the simple interpreta¬ 
tion of this result, however, is invalidated b}^ the 
presence of dissolved atmospheric oxygen. 
When this is entirely excluded the jihotochemical 
rates are vastly increased, but their determina¬ 
tions are rendered exceedingly difficult by a 
rapid thermal bromination which sets in when 
oxygen is absent. The presence of radicals con¬ 
sisting of one atom of bromine attacjhcd to the 
cinnamic acid molecule, and taking part in ex¬ 
tensive chain reactions, may be taken as 
reasonably certain. These may proceed to 
further bromination (the reaction 

ABr+ Br 2 =ABrgd- Br 

being reversible (A -ethylenic compound)), or 
may give dimers of cinnamic acid as a by¬ 
product (2ABr-> Ag+BPg), or in presence of 
oxygen may be oxidised in ways not yet under¬ 
stood. Another t5q)e of photo-reaction showing 
that even the formation of radicals such as ABr 
is a reversible process is that of maleic acid or 
ester with bromine. A small amount of sub¬ 
stitution to the dibromosuccinic. compound is 
observed, but the chief change is that of the 
maleic compound to the fumaric. The inter¬ 
mediate radicals ABr must be capable of 
internal rotation to give the change to the geo¬ 
metric isomer, and must then largely lose the 
attached bromine atom by further reactions. 

The photo-reactions of iodinie with organic 
compounds are relatively few. Saturated mole¬ 
cules are not affected. Addition occurs to cer¬ 
tain olefins, but iodine-sensitised decomposition 
of the products is marked. Ethylene iodide and 
iodine react photochemically to give ethylene 
and iodine, balancing the reverse reaction to give 
a photochemical “ stationary state.” The inter¬ 
mediate C2H4I must be assumed to react with 
iodine molecides by a reversible process and to 
dissociate reversibly. The chain-ending process 
of this reaction cannot be decided from the at 
present inadequate experimental data. As with 
bromine, iodine photosensitises geometric- 
isomer transformations (e.g^., of allocinnarnyU- 
dene acetic acid) through the transient inter¬ 
vention of radicals of type AI. 

MethanCy eiJiane, and other saturated hydro¬ 
carbons are transparent to all light except 
that of very short wave-length (<1,500 A.). 
In this region photochemical decomposition is 
observed giving exceedingly complex mixtures 
of products. There is httlo doubt that these 
arise by secondary reactions of radicals formed 
by the splitting off of hydrogen atoms from the 
original molecules. EthylenCy absorbing below 
1,700 a., gives polymers, methane, acetylene, 
and hy^ogen. Acetylene, also polymerises be¬ 
low 2^150 A. The quan.tam yields of the above 
are of the order 0*1-10. Benzene is decomposed 


by ultra-violet light at about 2,000 A. to give 
phenyl radicals and hydrogen atoms; at longer 
wave-lengths in presence of oxygon complex 
oxidation processes occur. Anthra,c.ene in solu¬ 
tion absorbs in the near ultra-violet region and 
polymerises to diantliracene; in carbon di¬ 
sulphide solution and in x>reHonco of oxygen a 
peroxide is formed. 

Organic JiaUdes undergo a primary photo¬ 
decomposition to alkyl radical and halogen 
atom; these take part in secondary reactions 
to give a variety of products which are in¬ 
creased ill complexity by the presence of oxygen. 
In the case of methyl iodide the quantum yield 
is peculiarly low, evidently owing to recombina¬ 
tion processes, since the spectrum of the sub¬ 
stance indicates a primary proccsss of photo¬ 
dissociation. 

Alcohols and ethers are very transparent to 
ultra-violet radiation and decompose only at 
short wave-lengths, the products being com¬ 
plex. 

The photo-reactions of aldehydes and ketones 
have been much studied. The simjiler mole¬ 
cules of this type have somewhat weak absorp¬ 
tion bands near 3,000 a. ; the physical process 
of light absorption consists in an electron from 
one of the “ lone-pairs ” of the oxygen atom 
passing to an “ anti-bonding orbital ” between 
the carbon and oxygen. The spectra of the 
smaller molecules show sharp bands on the long¬ 
wave side which merge into diffuse or con¬ 
tinuous absorption further into the ultra-violet. 
This evidence jioints to dissociation of the excited 
molecule at the shorter wave-lengths. The 
photochemical evidence indicates dissociation 
with a longer delay period in the longor-wavo 
region as well. Formaldehyde decomposes by 
the initial process: H^COd-lii/ -v H-f HCO 
below 2,750 A., hydrogen atoms being experi¬ 
mentally detectable in the system, but the 
quantum efficiency of unity shows that the first 
products ultimately form the stable resultants 
H2+CO without setting up chains (at tempera¬ 
tures below 110®c.). At longer wave-lengths the 
primary process seems to bo : 

H2CO+/iv-> H 2 +CO. 

This process involves a longer delay, as shown 
by the sharpness of the lines of the absorp¬ 
tion spectrum. At high temperatures a chain 
mechanism occurs; whether this arises from 
further reaction of the hydrogen atoms or from 
excited HgCO molecules is not known. 

Acetaldehyde (as vapour) gives chiefly methane 
and carbon monoxide as photo-products with a 
quantum efficiency somewhat less than unity. 
At the shorter wave-lengths some hydrogen is 
formed, fewer methyl radicals are produced, and 
the carbon monoxide is formed at a higher 
quantum efficiency (approaching 1). Very in¬ 
tensive studios have been made of this photo- 
reaction; the changes of quantum efficiency of 
carbon-monoxide formation under different ex¬ 
perimental conditions and the nature of the by¬ 
products have been examined. A polymer, 
formaldehyde, glyoxal, and diacetyl are formed 
in small amounts, the last substance giving 
rise to a fluorescence observed when light of 
wave-length 3|350-2,600 a. is used. It is pro-» 
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visionally concluded that the main processes are 
at all wave-lengths: 

{a) CH3 CHO+fiv-> CHg-fCHO. 

(6) CHgfCHO-^CHg CHO. 

(c) CH3+CH3 CHO->CH4 }-CH3 C 0 . 

{d) CH3CH6+CHO->CH3CO+H2-f-CO. 

(e) CH3 CO+M-^CHg-fCO+M. 

(/) 2CH3 CO -> CH3 CO CO CH3. 

.CHO CHO. 

{g) 2 CHO(^ 

^CHgO+CO. 

The back reaction (b) is necessary to account for 
the quantum efficiencies being somewhat loss 
than unity. Some primary formation of 
methane and carbon monoxide directly from 
excited acetaldehyde molecules may also occur. 
At elevated temperatures the reaction entirely 
changes its kinetics and becomes a long-chain 
process proportional to the square root of the 
light absorbtid. This seems to be due to reaction 
(e) being speeded up relatively more than the 
other reactions so that repeating steps are set up 
which are terminated chiefly by birnolecular 
collisions between the radicals (e.g., reaction (ft)). 

Higher alipliatic aldehydes appear to do<H)m- 
pose by two primary processes : 

^RfCHO 

RCHO+/i< 

^R CO+H 

The radicals further react in a variety of ways 
to give saturated and unsaturated hydrocarbons 
with more or fewer carbon atoms than in R; 
the other main product is carbon monoxide. 
Aldehydes with conjugated structures absorb at 
somewhat longer wave-lengths than the simple 
compounds, and appear much more stable to 
illumination; quantum yi(dds of carbon mon¬ 
oxide formation are low. In the case of acralde- 
hyde, polymerisation is the chief photo-change 
observed. 

Ketcynea (as vapour) dissociate in ultra-violet 
light to give radicals. Acetone gives as final pro¬ 
ducts chiefly ethane and carbon monoxide; 
some diacetyl is also formed. The quantum 
efficiency is less than unity at low temperatures, 
but rises to 1 either when iodine is added 
(whereby CH3 radicals are removed as CH,!) or 
at temperatures about 100°c. It is concluded 
that the primary chemical change is : 

CHg CO CH3+IIV CH3+CH3 CO 

followed by a back reaction of the radicals to 
give acetone, further reaction of the radical 
CHg-CO to give either CH3 and carbon mon¬ 
oxide or diacetyl, and combination of CHg 
radicals to give ethane. The ethane and diacetyl 
formations are believed to occur on the walls of 
the vessel. Methyl radicals can be shown to be 
present in the reacting system by the use of the 
metallic mirror technique; they cannot be 
assumed to give ethane by birnolecular collisions 
in the gas since this reaction is comparatively 
slow at low temperatures. Higher ketones also 
photolyse to hydrocarbon and acyl radicals the 
subsequent decompositions of which lead to 
carbon monoxide, acetone, mixtures of 


saturated and unsaturated hydrocarbons as final 
products. Cyclic ketones such as cyclohexanone 
give carbon monoxide and other products follow¬ 
ing from the consequent rupture of the ring. 

Acetone in the liquid state gives no gaseous 
products on exposure to ultra-violet light. This 
has been explained as a “ cage ” effect due to 
surrounding molecules. A molecule, after ab¬ 
sorbing a quantum, dissociates into radicals, 
but these are hemmed in by the liquid structure 
and forced to collide again many times before 
they have a chance to separate. They thus have 
a good chance of recombining to form the original 
molecule and to nullify the photo-change. 

Solutions of sugar,<i decompose in ultra-violet 
light to give carbon monoxide, carbon dioxide, 
methane, hydrogen and other products. Those 
complex changes have not been elucidated. 

Fatty acids have structureles.s spectra at 
shorter wave-lengths than the corresponding 
aldehydes. On photolysis carbon dioxide is 
formed, together with hydrocarbons and (ffher 
products. No intelligible data exist for tin; 
jffioto-decomposition of esters. 

The complex oxalates, citrates, tartrates, etc., of 
iron (ferric), cobalt (-ic), manganese (-ic), and 
uranium (uranyl) are photosensitive in the near 
ultra-violet and short-wave visible region. The 
reaction of the first three causes carbon-dioxide 
evolution, reduction of the metal to a lower 
oxidation state, and oxidation of the acid 
residue; uranyl oxalate, however, gives carbon 
monoxide and dioxide without much reduction 
to uranous ion. Ammonium fcrri-oxalate or 
citrate is used for “ blue prints ”; the action 
of light gives ferrous ion, which combines with 
potassium ferricyanido to give Turnbull’s blue. 
Solutions of ions of metals in higher valency 
states are usually photosensitive, but the photo- 
change is sometimes masked by rapid re¬ 
oxidation pro(’e8ses; in alcoholic or ether solu¬ 
tions salts such as ferric chloride are reduced by 
light with oxidation or chlorination of the sol¬ 
vent. 

Organic nitro-compounds give complex photo¬ 
products in ultra-violet light. Conjugated nitro¬ 
compounds are relatively stable to light {e.g., 
nitrobenzene), but lengthy exposure gives a 
variety of products for which no simple mechan¬ 
ism can be given. o-Nitrohenzaldehyde changes 
in light to o-nitrosobenzoic acid; its isomers do 
not undergo a similar reaction. Nitroso-com- 
pounds in the unimolecular form absorb red 
light and decompose in a fairly simple manner 
with elimination of hyponitrous acid. 

Ammonia shows a series of diffuse bands 
around 1,900 a., indicating a predissociation 
process: 

NH^+hv-^ NH3*-> NHa-f H. 

The alternative dissociation to NH and Hg 
seems excluded because liquid ammonia does 
not decompose photochemically, a behaviour 
which may be interpreted as a back recombina¬ 
tion of N Hg and H caused by the “ cage effect ” 
of the surrounding liquid in preventing their 
ready escape. The presence of hydrogen atoms 
is also demonstrable by the para ->• ortho 
hydrogen reaction. The ultimate products of 
ammonia photplysis are nitrogen, hydrogen, and 
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some hydrazine, the quantum efficiency being 
about 0‘25 and varying somewhat with the 
conditions. The exact mechanism still remains 
to be settled; it has not yet been decided 
whether the hydrazine formation takes part in 
the main decomposition or whether it is a side 
reaction. It seems probable that wall effects 
which have not been correctly taken into 
account explain some of the divergencies of 
view on this photo-change. 

Aliphatic animea j^hotolyso by a primary dis¬ 
sociation of a hydrogen atom from the NHo 
group. The further changes of these give com¬ 
plex products. 

Many oxides of non-ynelals are decomposed 
photochemically. Carbon dioxide gives CO+O 
at wave-lengths shorter than 1,G90 a. Nitrous 
oxide gives nitrogen, oxygon, and nitric oxide 
beyond 1,850 a., probably by two primary pro¬ 
cesses giving Ng+O and NO-f N. The photo- 
decom 2 )osition of nitrogen dioxide has interesting 
features. In the blue and violet regions the 
absorption spectrum is sharp, the gas is fluores- 
c ent at low pressures, and the quantum efficiency 
of decomposition is low. At about 3,700 a. the 
spectrum becomes diffuse (at higher pressures), 
fluorescence ceases, and the quantum efficiency 
of decomposition rises to nearly 2. At shorter 
wave-lengths the reaction is one of induced pre¬ 
dissociation : 

NOg+liv-^ NO+O 

followed by: 

O-f NOg-^ NO+Oa- 

Chlorine monoxide shows a continuous spectrum 
and photodissociates: 

ClgO+fiv-s-Cl + ClO 

followed by: 

ClgO-l-Cl CIO. 

Chlorine dioxide decomposes by prcdissocia- 
tion, giving chlorine atoms, oxygen, CIO, and 
oxygen atoms. The final products of decom¬ 
position of both these oxides are complex ; the 
former gives chiefly chlorine, oxygen, and some 
ClOg and ClgOg, and the latter gives large 
yields of Cl20g. The quantum yields range 
from about 2 to 10. 

In presence of reducing agents dichromates in 
solution are photochemically sensitive to blue, 
violet, or ultra-violet light. Mixtures of sodium 
dichromate and gelatine or other colloids are 
used in various photo-reproductive processes in 
industry. Under the influence of light the 
colloid is oxidised by the dichromate and 
rendered insoluble in warm water. The mechan¬ 
ism of the change is very imperfectly under¬ 
stood. A simpler system is aqueous dichromate 
and an aliphatic primary alcohol. The alcohol 
is oxidised to aldehyde with an efficiency 
approaching three molecules of alcohol per 
quantum under the optimum conditions of con¬ 
centration; usually the efficiency is less for the 
reasons below. At low alcohol concentrations 
the rate of oxidation is low, presumably because 
the dichromate is deactivated before colliding 
with an' alcohol molecule. At high alcohol con¬ 
centrations 080% by volume) a precipitate of 


basic chromium sulphate is formed which re¬ 
duces the light absorption by scattering. In 
neutral solutions a brown precipitate of 
chromium chromate forms; this is prevontofl 
by the addition of acid. In alkaline solutions 
the oxidation does not occur, the CrOr“ ion 
being inactive photochemically. The best con¬ 
ditions are: alcohol, 70-80% by volume, di¬ 
chromate, 0‘1n., with sufficient acid to prevent 
the solution becoming alkaline during reaction ; 
the chromium is then all reduced to the ter valent 
form in solution after suflicient exposure to the 
light. As the constituent ions of dichromate 
solutions are rather uncertain {i.e., whether 
CPgOT' or HCrOD the representation of the 
photo-change by equations is scarcely possible; 
it is fairly certain, however, that the process is 
one of successive steps in whi(di the chromium 
passes by intermediate valencies from six to 
three. 

The absorption of light by double-bonded 
organic substances causes an electron to pass into 
an “ anti-bonding orbital ” of the double bond, 
and thereby to lower its resistance to rotation. 
Gis-trafis changes arc facilitated in this way. 
The reactions are normally carried out in solu¬ 
tion. The changes occur with quantum effi¬ 
ciencies about 0*05 to 0*5, and are complicated 
by several effects such as photolysis and side 
reactions. Both isomers absorb light, but in 
different proportions at different wave-lengths, 
and photo-stationary states are usually sot up 
where the cis irans rate balances the reverse 
change, the equilibrium point varying with 
the wave-length. vSuch photo-stationary states 
are given by the systems: maleiC'-fum.aric 
acids ; citraconic-mesaconic acids; cinnamic- 
hocinnamic acids, and numerous other ethylene 
derivatives when exposed to ultra-violet light 
at about 3,000 a. Azobenzene (trans) in solution 
is photochemically converted by blue light 
largely into the cis form. Be7iz-a,nii-aldoxime 
changes photochemically to the aya-form. In 
the solid state, presumably because the crystal 
structure prevents rotation but facilitates di- 
morisation, many ethylenic compounds give 
derivatives of cyc/obutane, e.g., cinnamylidene 
malonic acid, in the blue region, gives; 

/COOH 

CeHs—CH—CH—CH =c( 

I I \COOH 

COOH\ I I 

;C=CH—CH—CH—CeHfi 
COOH/ 

Similarly, crystalline cinnamic acid diraerisos, 
with the peculiarity of giving a-truxillic acid 
under normal conditions and the isomer of this 
product, jS-truxinic acid, if it has recently been 
precipitated rapidly from solution, probably duo 
to its existence in a different crystallme form in 
the latter case. 

The subject of photo-oxidation is one of very 
great importance but of extreme difficulty of 
interpretation, and much remains to be studied. 
The photo-oxidation of aldehyde (gaseous or 
dissolved) by oxygen is a chain reaction with 
the kinetics : dxfdt=‘{lc\/ the rate being 
proportional to the square root of the light 
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intensity, directly as the aldehyde concentra¬ 
tion, and independent of the oxygen concentra¬ 
tion. (Independence of oxygen concentration 
is a common and usually puzzling feature of 
oxidations.) The mechanism appears to bo: 

CHg CHO+Zii^CH3-I CHO 

CH3 CHO+CH3 -> CH4+CH3 CO 
CH3 CO+O2 -> CH3 CO-62 
CH3 CHO+CH3 CO O2 -5- 

CH3COOOH+CH3CO 
2CH3 CO O2 CH3 CO O O CO CH3+O2. 

This accounts for the kinetics and for the two 
observed products, peracetic acid and diacctyl 
j)oroxide. In presence of alcohol the chains arc 
inhibited and the rate becomes directly propor¬ 
tional to the light intensity, probably through 
the replacement of the last (chain-ending) 
reaction by: 

CH3 CO O2-} CH3 CH2 OH 

non-chain-producing products. 


The photo-oiddation of ethylenic compounds 
by oxygen is technically important in the 
“ drying ’* of oils> in the development of rancidity 
in fats, and in the deterioration of rubber in 
light. The reaction proceeds by a chain 
mechanism of unknown nature, capable of in¬ 
hibition by suitable reducing agents (often 
present in the impure substance itself), and 
foUowed by further slow thermal reactions giving 
a number of products. Peroxides are detectable 
during the reaction; they apparently have a 
hydroperoxide structure in which the double 
bond is still present, c.t/., eyeZohoxeno gives : 



How the oxygon attacks the a-carbon atom 
when the double bond absorbs the light is un¬ 
known. The final products may be aldehydes. 



Fig. 4. 


ketones, acids, ethylene oxides, polymerised and 
oxidised substances, and molecules derived by 
the complete rupture of the double bond. 

The photo-oxidation of aroitiatic hydrocarbons 
seems a somewhat simpler process than the 
foregoing, but nevertheless presents some 
puzzling features. In the first place, solutions 
of aromatic hydrocarbons are fluorescent, and 
the fluorescence is “ quenched ” by dissolved 
oxygen. In the following simple mechanism : 


R+hv 

fi R+ft''' 


Rx+R R-f-R 


or Rg 
RX-fOa->ROa 


(R = hydrocarbon molecule) 
(Fluorescence of fraction x of 
activated molecules) 
(Spontaneous deactivation of 
fraction 1—a; of activated 
molecules) 

(Collisional deactivation with 
another R molecule) 
(Collisional deactivation with 
Og molecule) 


it can easily be shown that: 

Fluorescence efficiency (F.E.) 

=^xl{l+k,iR]+k,[0,]) 

Quantum efficiency of oxidation (Q.E.) 

=^2[02l/(l+^i[R]+^2r02l), 

In the case of the red hydrocarbon rubrenc 
(6:6:1 l:12:-tetraphenylnaphthacene) in benzene 
solutioni X is practically unity, and at small 
rubrene concentrations the term ^i[R] is small; 
consequently, on the above scheme : 

F.E. = 1/(14-^*2[02]); 

Q.E.=^^2[0a]/(l+^2C02]); 

F.E.-fQ.E.-l. 

If the above mechanism is correct, therefore, the 
plot of fluorescence quenching against oxygen 
concentration should give a curve which is the 
mirror image of the quantum-efficiency curve. 
Fig. 4 shows that for certain concentrations this 
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is nearly true. The product is a perfectly stable 
colourless peroxide of formula RO, (R== 
rubrone). This apparent simplicity of inter¬ 
pretation, however, is marred by the fact that 
at high rubrone concentrations the photo¬ 
oxidation observed is somewhat higher than 
expected, and at low rubrone concentrations it 
falls off too much. Other processes must be 
acting simultaneously and complicating the 
reaction scheme, which caimot therefore bo said 
to be really understood. 

When exposed to long-wave ultra-violet light, 
solutions of anihracene deposit dianthracene; 
the dimerisation appears to be fairly closely 
the mirror-image of the fluorescence quenching 
at high concentrations duo to other anthracene 
molecules. In presence of oxygen photo-oxida¬ 
tion occurs, and from carbon disulphide solu¬ 
tions dianthracono peroxide, believed to be : 



is formed. (The peroxide of rubrene probably 
has a similar bridge structure.) In this instance, 
however, it has not been possible to reconcile the 
kinetics of the photo-oxidation with the quench¬ 
ing of the fluorescence by oxygon. This diffi¬ 
culty is even more marked with solutions of 
naphthalene. Dissolved oxygon quenches the 
fluorescence of this substance about ten times 
more strongly than it afibets the fluorescence of 
rubrene or anthracene solutions, yet the amount 
of photo-oxidation which occurs is indotectably 
small. Here the quenching complex ” RO 2 
must almost entirely dissociate again into R-f- Og 
without yielding an oxidation product. In the 
case of benzene^ photo-oxidation in ultra-violet 
light gives unidentified but obviously poly¬ 
merised oxidation products, possibly through the 
intermediate formation of 



In other examples, e.g.. 



which is photo-oxidised ultimately to the 
quinone, the high rate of the reaction seems to 
indicate a chain mechanism. 

The photochemistry of dyes viewed from the 
industrial standpoint is dealt with in a separate 
section. The fading of dyes in light is not a 
simple process, and may arise from oxidation 
(especially basic dyes), from reduction by inter¬ 
action with the fabric (especially direct dyes on 
cotton), or from photolysis of the dye molecule 
to oolburless products. Fluorescent dyes are 
usually more photosensitive than non-fluorescent 


ones. This is because molecules of the former 
have “half-lives” of about 10"® second before 
they lose energy by radiation, and during this 
interval they may undergo chomical reactions 
by collision with other molecules; non-fluoros- 
cont dyes lose their energy in a much shorter 
period by a process of internal deactivation {cf. 
Fig. 2). Reaction and fluorescence in fluorescent 
dyes arc alternative processes. An interesting 
example is a dilute solution of thioinne in 
preseu(^c of ferrous ions. The fliioroscence of the 
dye is “ quenched ” by the ferrous ions, and a 
photo-change occurs resulting in the reduction 
of the dye to a colourless substance while the 
ferrous ions become ferric. The change reverses 
itself in the darkt 

D-{-hv —y 

D^4-Fe++ D--f Fe+ + + 

H++D~ HD (semi-quinone) 

2HD-> H^D l D. 

Solutions of dyes and other coloured sub¬ 
stances in presence of dissolved oxygen may 
show fluorescence quenching, photo-oxidation, 
or photosensitisation. Basic dyes, as Uranine, 
are bleached in solution only when oxygen is 
present. In certain other cases, e.^., solutions of 
rubrene, oxygen is taken up on exposure to 
light to give an oxidation product, but if a 
reducing agent (“ acceptor ”) is simultaneously 
l)resont the oxygon is transferred to oxidise this 
and the light-absorbing substance remains largely 
unchanged (photosensitised oxidation). These 
processes are understandable qualitatively, but 
the details of behaviour of particular systems 
are sometimes complex. 

Orientation and Photochemistry.— 
When plane-polarised light falls on a molecule 
such as azobenzene the light is absorbed only 
when the electric vector is oriented to the mole¬ 
cule, in this case along the N = N bond. Conse¬ 
quently molecides oriented in crystals or on 
cellophane films, etc., appear to show different 
photochemical sensitivities in plane-polarised 
light according to tVie direction of the electric*, 
vector. Similarly, if photo-active molecules are 
rigidly held at all orientations in a gel and are 
exposed to plane-polarised light, only those 
molecules suitably oriented to the electric vector 
will decompose, so that the system will become 
optically dichroic, i.e., show different extinction 
coefficients to plane-polarised light of different 
vector directions. 

Some commonly used photochemical terms not 
dealt with above are explained below, 
j Asymmetric Photosynthesis. —Circularly 
! polarised light is unequally absorbed by a mix¬ 
ture of two optical isomers, though the difference 
in absorption is very small. Illumination of a 
suitable racemic solution with circularly polarised 
light should theoretically decompose one form 
faster than the other and leave an excess of one 
optically active isomer. 

Beer-Lam bert Law (v. Vol. VII, 1766).— 
logio 


or 
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where Jo=^incident intensity, transmitted I 
intensity of light falling normally on a layer of 
isotropic substance of thickness d cm. and of a 
concentration c g.-mol. per 1.; a and c are con¬ 
stants. e is called the “ molar extinction 
coefficient.” 

IJght absorbed =-Io-It =- /o( 1 ”10-^'^^). This 
l<‘iw is valid strictly only for monochromatic 
radiation and for very dilute gases or solutions. 
In practice “ monoehrornatic lines ” arc narrow 
bands of finite width, c varies with wave-length, 
and in systems where the variation is large over 
the narrowest wave-length interval usable in 
the experimental arrangeirKuit the light trans¬ 
mission will appear to deviate from the law 
{e.g.y absori)tion of mercury vapour at 2,537-5 a .). 
I’hc law may also ai)pear to fail when applied 
to non-cubic crystals, owing to variations of € 
with direction (diehroism), wdien chemical 
change occurs (as the N 204 :f^ 2 N 02 system; 
solutions of dyes which associate, dichromate 
chromate in w^ater), when line-broadening occurs 
through collisions in gases {e.y., iodine vapour in 
presence of inert gases), and where solvent 
effects cause varying molecular distortions in 
regions of higher concentration. 

Grotthus-Draper Law (r. Vol. VI, 137(i).— 
Only light which is absorbe<l by a system is 
capable of producing chemical change. 

Half-life of Molecules.—The time taken 
for one-half of the active molecules in a system 
to die aw’ay after the source of activation is 
removed. 

Induction Period.— A period at the begin¬ 
ning of a photochemical reaction when nothing 
appears to happen, followaul by the reaction 
accelerating to a “ normal ” rate. It is due 
either to the photochemical destruction of some 
substance inhibiting the reaction, as by acting 
as a chain suppressor or as an “ inner filter,” or 
to the production of some intermediate which 
catalyses the secondary reactions. 

Inner Filter. —If a photo-active substance 
is accompanied by another inert light-absorbing 
substance the absorbed light is shared between 
the substances in the ratios : 

€iCi/€iCi+€2^2 

where the e’s and c’s are the extinction co¬ 
efficients and concentrations of the substances. 
Inner-filter efi'ect may be also intramolecular if 
more than one group absorbs the light and only 
one (energetically isolated from the others) is 
photo-active. 

Monochromator. —A specially designed 
high-aporture (about /3) prism spectroscope with 
adjustable slit in the plane of the spectrum for 
the production of monochromatie visible or 
ultra-violet light. 

Morse Equation. —An empirical equation 
approximating to the curves of potential energy 
of a diatomic molecule as Fig. 1; Potential 
energy of vibration 

where D is equal to the dissociation energy, a is 
proportional to the force-constant of the link, r 
the distance between the nuclei, and Tq the 
distance when the nuclei are taken as having no 
vibrational energy. {See also Vol. VIII, 197a.) 


Pauli Exclusion Principle. —The principle 
that not more than two electrons can simul¬ 
taneously occupy one orbital, and if there are 
two, they must have opposite “ spin.” 

Photochemical Equivalence Law. —Alaw 
more honoured in the breach than in the ob¬ 
servance. Einstein first pointed out that since 
energy is absorbed by molecules in quanta a 
simple connection might bo expected between 
the number of quanta absorbed in a photo¬ 
chemical experiment and the number of mole¬ 
cules changed. The ratio (Molecules changed)/ 
(Quanta absorbed), called the quantum effi¬ 
ciency, should bo unity on a naive application of 
the law. This is true only if “ molecules 
changed ” refers to molecules physically acti¬ 
vated by the light, and is no more than a state¬ 
ment of the fundamental postulate of the 
quantum theory. The number of molecules 
actually chemically changed at the end of an 
exj>eriment almost always differs greatty from 
the number of quanta absorbed owing to the 
effects of deactiviation, chain reactions, etc., 
which follow as secondary changes on the 
primary act of absorption. 

Photochemical Threshold.— A point in the 
spectrum where the quantum efficiency of a 
idiotochemical change rises from zero at the 
longer to finite values at the shorter wave¬ 
lengths. This should not bo confused with the 
setting in of photochemical change at a par¬ 
ticular wave-length merely because the sub¬ 
stance begins to absorb there; a true “thres¬ 
hold ” should lie inside an absorption band. 

[ The energy corresponding to the “ threshold ” 
may sometimes be related to probable mechan¬ 
isms of decomposition, e.g., nitrogen dioxide 
I (gas) and chlorine dioxide (in carbon tetra¬ 
chloride solution) photo-decompositions. 

Photosensitisation. --The absorption of light 
by one coloured substance bringing about a 
photo-change in a non-absorbing substance 
simultaneously present, e.g., bromine sensitised 
cis-tra7i8 chaiige of maleic ester. A number of 
interesting photpsensitised decompositions are 
produced by mercury atoms excited by 2,537-5 a . 
and by cadmium atoms by 3,261 a. Hydrogen 
is caused to dissociate to atoms, and hydro¬ 
carbons to decompose to a variety of products. 
Metallic hydrides are detectable spe(;tro- 
scopicaUy in the system ; possible reactions are : 

Hg^+H2->Hg-fH+H 

Hg><+H2-> HgH+H 
Cd^-|-C 2 Hg —> CdH-}-C 2 Hg, etc. 

The detailed processes of the secondary changes 
are still imperfectly understood, and show cer¬ 
tain peculiarities. For example propane with 
excited mercury atoms gives chiefly hydrogen 
and hexanes, while with excited cadmium atoms 
i C—C scission occurs in addition giving some 
methane and propane. 

Photo-stationary State. —A state of 
dynamic equilibrium reached in a system ex¬ 
posed to light. It may refer to the reactants 
and final products or to reactants and some 
transient intermediate radical or atom. Several 
types are possible, depending on (a) the number 
of molecules concerned on each side of the 
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equilibrium, and (6) the number of photo-active 
constituents of the system. Examples, 

SO2+CI2 ^ SO2CI2 

(all molecules photo-active to varying degrees), 
Hg+Bpg ^ 2HBr (bromine alone photo-active 
at longer wave-length; hydrogen bromide at 
shoi-tor). 

An important principle in deducing theoretical 
kinetics from proposed mechanisms is that the 
rate of formation of a transient must equal its 
rate of removal in any photo-reaction; e.gr., in 
the hydrogen-bromine reaction, supposing the 
stages to be 


1. BPg-fBr-f Br. Kute k^l 

2. Br-j Br-f M- V Br^+M. „ A”2LBr]2[M] 

3. H 2 ^ Br-^ HBr-l H. „ /.'aLHgXBr] 

4. H+Br 2 -> HBr+Br. „ A^ 4 [HJ[Br 2 ] 

and assuming that reactions (3) and (4) are slow 
compared with (2), we have for the bromine 
atoms: 


- Zr 2 [Br]“[M], since (3) and^(4) are small, 
whence 

and for the hydrogen atoms : 

The rate of hydrogen hromide formation is then : 

Br]. f-,[HJLBr,]:i.2h3[H2]LBr] 

in agreement with the experimental kinetics. 
(M =any molecule in the system.) 

Phototropy. —Certain organic substances, 
e.g., benzaldehyde phenylliydrazone, darken or 
change colour when exposed to light without any 
detectable production of a new substance or 
change of crystalline form. The reverse re¬ 
action occurs in the dark. The reason is still 
obscure. 

Photo-dichroism. —If a film containing a 
photo-active substance, e.r/., some silver chloride 
preparations, some elements of which are sensi¬ 
tive to rod light, some to green, and some to 
blue, be exposed to red light, only those elements 
absorbing red will be affected, so that the result¬ 
ing product will be coloured when viewed in 
white light. The effect is made easier to in¬ 
vestigate by the use of coloured plane-polarised 
light. This is chiefly absorbed by those mole¬ 
cules which are correctly oriented to the electric 
vector of the incident Ught, and these only are 
photochemically affected. The result is that 
the film colours and partially polarises a beam 
of unpolarisod white light in which it may after¬ 
wards be viewed. 

Third Body. —When two atoms X collide 
they cannot normally form a molecide Xg, since 
all their kinetic energy is converted into internal 
energy of Xg which must bo quantised and will 
scarcely ever “ fit ” any arbitrary coUisional 
energies. If a third molecule is present, 

X+X+M -^Xg-fM 

any excess energy can be carried away by the 
kinetic energy of separation of Xg and M. The 
principle must also apply to the reverse reaction 
of X 2 dissociating by a thermal reaction. 
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IMTROIHJCTION. 

The growth of photography as a large in¬ 
dustry, and its spread year by year into new 
fields of useffulnoss, is undoubtedly duo to its 
close relation to vision. In some directions in 
recent years its property of light sensitiveness, 
whi<4i caused most amazement in the early days 
of the art a hundred years ago, has declined in 
importance with the advent of now electronic 
devices, but photography still remains supreme 
in the recording of images, where the whole 
significance of a pattern of light and shadow 
depends on tlitnr spatial relations as well as their 
intensities. The photographic-materials manu¬ 
facturer, therefore, has only half completed his 
work when ho has made a light-sensitive pro¬ 
duct ; he has further to spread it uniformly over 
immense areas of various typos of support, 
because—apart/ from certain applications where 
the spreading is more conveniently done im¬ 
mediately before use at a customer’s works—his 
light-sensitive product has no usefulness until it 
is put in this form where it can register the point 
to point variations of light and shade in an 
image, yielding a photograph in which the 
significance lies as much in the spatial relations 
between the elementary patches of photographic 
density as in their value. 

Nevertheless, both in the historical develop¬ 
ment of the art and in modern large-scale manu¬ 
facture, the preparation of the light-sensitive 
“ emulsion ” and its subsequent coating on to 
various supports are distinct operations, the 
requirements of the first, indeed, taking pre¬ 
cedence over those of the second, so that the 
very design of coating machinery is dictated by 
the physical and chemical properties of the light- 
sensitive emulsion, which cannot be radically 
altered without destroying its desired response 
to light. 

The nature of imago reproduction requires 
only that the light-sensitive layer shall respond 
progressively to the light incident on any point 
and that each element of surface remains fixed 
relative to the other elements of the surface and 
responds to the light independently of other 
elements. Quite a number of distinct photo¬ 
graphic processes have therefore been proposed, 
and some of them still enjoy a limited com¬ 
mercial use, but because of the relation of 
photography to vision, only those processes 
most capable of recording what the eye can see 
have survived for camera use, which in practice 
means that they arc confined solely to processes 
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based on the light sensitiveness of the silver 
halides, suspended in a gelatin medium. 

While the bulk of all x>hotograpbio materials 
made is used for the straightforward recording 
of visible things, the idiotographic material 
capable of this has properties, some necessarily, 
others as a (jonsequence of its chemical make-up, 
which render it useful in many directions in 
industry and science for the recording or demon¬ 
stration of invisible things. In the first class 
may bo put both high-speed photography, 
where by the application of sufficient light to the 
object photograj)hed records are obtained in an 
interval of time so small that any motion of the 
object is “ frozen,” and detail made plain which 
the eye cannot see; and its converse, where by 
sufficiently long exposures the light from objects 
so dim as to be invisible to the eye is integrated 
by the sensitive layer to yield a visible imago. 
Similarly in aerial photography and in metallo¬ 
graphy, although the image i)hotographed is in 
most cases entirely visible, it is either so fleeting, 
or so inconvenient to retain wliile the wealth of 
information that it contains is extracted, that 
the photographic record is indispensable. In 
miniatm'o fluorography the jAiotography is 
essential for the same reason : to provide a 
record, to be studied at leisure, of a visible but 
fleeting image. In the second class may be put 
the 1 ) 0 wor of the i.)hc)tographic i)lato, either by 
its inherent sensitivity or by a sensitivity 
deliborately added by special chemical treat¬ 
ment, to record extra-sjicctral invisible radiation. 
Its power to record variations from point to 
point in the strength of A-rays is in daily use, 
both in industry and medicine. In the ultra¬ 
violet, the plate can record by reason of its 
natural sensitivity up to a limit of A=2()0 m/x., 
above which wave-length the radiation is 
absorbed by the gelatin. Plates sensitised by 
the addition of a fluorescent compound and 
plates specially made with a minimum of gelatin 
can record to the limit set by the absorption of 
water (in the vacuum spectrograph). At. the 
other end of the spectrum recent years have seen 
successive extensions of the practical limit of 
records of the infra-red spectrum, until to-day 
we approach the point whore the addition of 
sensitivity to still longer wave-lengths would 
cause the plate to bo fogged by the thermal 
radiation from the plate and its wrappings at 
room temperature even if sensitising dyes 
sufficiently stable could be found. Within the 
visible spectrum, jjhotographic materials may be 
selected with a maximum of sensitivity in the 
region that it is desired to record, so that with 
suitable light sources photographs may bo 
obtained by monochromatic light {e.g.j as in 
spectroheliography). 

As a scientific instrument the photographic 
material is used as a recorder of position, and as 
a recorder of intensity. In science both func¬ 
tions are refined and made quantitative to the 
degree of precision necessary to give the infor¬ 
mation sought. The first function alone is 
involved in the more usual applications of 
recordifig materials, where some other scientific 
quantity, such as pressure or current, is trans¬ 
lated into terms of length by a scientific instru¬ 
ment, and its pointer readings merely trans¬ 


ferred to the photographic material, which for 
special reasons happens to be the most con¬ 
venient medium to record them. The much 
used variable-area system of sound recording is 
a case in point. Other scientific applications of 
this function of the photographic plate will 
occur to the mind in astronomy, where it started 
a new epoch, in surveying (photogrammetry), 
and in the more simple applications of quali¬ 
tative spectrochemical analysis, cloud cham¬ 
ber photography, and X-ray crystallography. 
Similarly, in document copying and in meter and 
instrument dial recording the only necessity is 
that the record should be legible; it is irrelevant 
whether the tones of the original are reproduced 
or not. ^Esthetic considerations, or the need 
of familiar representation for poj)ular use (e.gr., 
race finish records), may require that they should 
be approximately true, but the essential infor¬ 
mation is available on the photograph indepen¬ 
dently of this. It is therefore almost solely in 
this field that the non-silver photographic 
processes have obtained a footing, particularly 
in the drawingjoffice and engineering workshop, 
where legibility of the working drawings is all 
that is needed. The drawing-office processes are 
limited in their power of rendering fine grada¬ 
tions of tone, and this, quite as much as their 
comparative low speed, has kept them to this 
use. 

As a recorder of position, photography accom¬ 
modates all degrees of precision from the snap¬ 
shot of landscape, where quite large distortions 
produced by a cheap lens are tolerated without 
remark, through photo-surveying whore the pre¬ 
cision is high but can tolerate slight distortions 
of film support which are corrected by calcu¬ 
lation, to the astronomical star chart where 
profound consequences may hang on a displace¬ 
ment of a few microns. For the highest pre¬ 
cision rigid supports of glass or metal are in¬ 
variably used, and further precautions have to 
be adopted to minimise distortions due to the 
colloid nature of the sensitive coating; e.g., 
avoidance of the edges of the plate, preliminary 
“ annealing ” to relieve strains by soaking and 
redrying, choice of developer to avoid image- 
wise tanning (which results in distortions due to 
the more rapid drying of the tanned and loss 
swollen regions), and vigorous agitation of the 
developer to minimise apparent displacements 
of images due to an imsymmetrical distribution 
of the soluble products of the development 
reaction. The need for these precautions is 
much reduced by the common modem practice 
of impressing a grid, say of squares of 6 mm. side, 
over the whole plate at the time of exposure. 
All measurements on the plate are referred to the 
grid lines, so that local distortions of the plate 
affect both equally and cancel out. The use of 
photographically impressed axes of co-ordinates 
and scales, or of other fiducial lines, is common 
in most other applications of photography to the 
recording of position, and has opened the field 
to photographic materials on dimensionally un¬ 
stable flexible film and paper. 

Due appreciation of the reasons for the pre¬ 
cautions to be adopted in the use of photo¬ 
graphy for the measurement of radiation follows 
on a knowledge of the mechanism of the action 
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of light recounted in Section II. Suffice it 
to 8ay here that the photographic plate is 
never used in precise work except as a null 
instrument, to determine when two streams of 
radiation are equal in intensity. Thus in absorp¬ 
tion spectroscopy a comparison spectrum of the 
source is imx)res8ed repeatedly on the plate 
through a rajudly rotating sector wheel so that a 
series of spectra of known and decreasing in¬ 
tensity is recorded. Alongside each the spectrum 
of the light which has passed through the sample 
is recorded, for the same average exposure time. 
On the developed plate the match points of each 
pair are marked, and if the intensity scale of the 
series of comparison spectra has been correctly 
chosen, these give when joined the absorption 
curve of the sample. The conditions fullilled in 
this example are a model for all other appli¬ 
cations of f)hotograpIiy to photometry, although 
useful, if less reliable, results can bo obtained 
when one or more of them is neglected. Fiist, 
the opti(!al densities matched are in contiguous 
areas of the plate. This ensures that local small 
variations in the sensitivity of the plate, or in 
the degree of develoi^ment, apply equally to both 
jjatches. 8econdly, (udy regions where the 
I)atches are of equal density, and which have 
had the same time of exposure, are significant. 
This does away with the errors due to reciprocity 
failure {v. infra^ Section IT), For this to bo 
true, however, it is essential that the sector 
wheel should interrupt the light of the com¬ 
parison sjiectra at such a high rate that each 
grain of the plate receives on the average not 
more than one quantum of radiation in each 
Hash. The dark periods suffered by any in¬ 
dividual grain are then statistically identical 
with the dark periods (between incident quanta) 
suflered by a similar grain bathed in the weaker 
continuous light from the other spectrum. For 
a one-second exposure, the minimum frequency 
of interruption is of the order of 100 times a 
second. Thirdly, the patches to be compared 
have boon produced by radiation of identical 
spectral quality. If this condition is neglected, 
the equality of two beams of radiation estab¬ 
lished photograj)hically may have no relation to 
visual judgments of equality of the same two 
colours, equality indeed in each case being de¬ 
fined by the physiological and physico-chemical 
properties of the respective systems. By suit¬ 
able choice of ifiate and light filters the overall 
spectral sensitivity of the photographic system 
may be brought into approximate equivalence 
with tliat of the eye, when all colours which 
appear identical in brightness, hue, and satura¬ 
tion will register the same. The precision with 
which this may be done, however, is not high, 
Heterochromatic photographic photometry is 
therefore rarely employed except when the plate 
is calibrated ad hoc in terms of the energy of the 
radiation under investigation. Such methods of 
empirical calibration, while less precise and 
requiring more experimental care, nevertheless 
have a wide field of usefulness, from stellar 
photometry to the plotting of equiluminous zones 
in comparing street lighting installations. The 
significance and magnitude of the effects of 
changes in the conditions can be judged only 
with a knowledge of the properties of the photo- 
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graphic material and its quantitative response 
to light which form part of the science of photo¬ 
graphy described below in Sections II, HI, and 
V. 

I. THE LIGHT-SENSITIVE MATERIAL. 

The modern user of x)hotography, with rare 
exceptions (as in the photomechanical trade), 
buys his jjhotographic material ready for ex¬ 
posure, whether it bo in the form of glass plate, 
flexible film, or sensitised x)ai)er. It is packed 
in various ways to suit his convenience, as for 
instance in a manner allowing of daylight load¬ 
ing, and otherwise to ensure i)rotection of the 
product for a reasonable storage period. Ho 
loads his camera and makes his exposures, which 
may bo oxi^eedingly brief (e.f/., O-OOl second). 
The action of light is not suilicient to yield a 
visible change, but an image may be developed 
on the material by one chemical treatment, and 
the imago by removal of the unexposed and 
unchanged light-sensitive substance in another. 
The imago so obtained is usually a negative, in 
which the tones of the original scone are reversed, 
the dark j)art8 appearing bright and the bright 
parts dark. Positive photograjjhs are obtained 
by exposing the negative to light in contact with 
further photographic material, e.g.y paper, wh(xso 
reaction to light is similar to that of the negative 
material. This reverses the tones once more, 
yielding a rex^roduction of the scene. The 
original colours do not aj^pear in an ordinary 
photograph, being reprosontod in monochrome. 

The sensitive material, if examined in light 
before processing, is found to boar a sensitive 
emulsion which may be creamy white, pink or 
grey in colour, and which can be scratched with 
the finger nail. It is a suspension of minute 
crystals of silver halide in gelatin, coated evenly 
on a suitable transparent or opaque support to 
yield a dry layer from 4/i. to 3()p. in thickness, 
dox)euding on the particular material. The 
crystals may be dyed to render them sensitive to 
coloured light, and it is this which gives the 
sensitive layer an overall hue distinct from the 
cream or white of the undyed silver halide. 
Other agents may bo present to harden the layer, 
to facilitate spreading, and to improve keeping 
quahties. These will be dealt with in due course. 
But its essential light-sensitive property, to the 
preservation or enhancement of which all the 
manufacturing techniques are directed, resides 
in the silver halide. The manufacture and 
properties of silver halide emulsions (as the 
crystal suspension is called, whether in the liquid, 
gel, or dried form) will therefore be described 
first. 

The Silver Halide Emulsion. 

In a first consideration of the action of light 
on photographic materials the most elementary 
particle that it is needful to study is the single 
silver halide grain. Each minute crystal in the 
emulsion responds as a whole. It is either 
reduced in the developer, or not at all, when it 
is removed in the fixing bath. The di 1101*0000 
between a light tone and a dark tone on the 
same photograph is merely a difference in the 
number of grains reduced per unit area. The 
emulsion maker therefore provides in the silver 
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halide grains not only the elementary light- 
sensitive particles but indirectly the pigment of 
the finished photographs. The art indeed 
largely consists in effecting a suitable balance 
between the requii cmcnts of these distinct func¬ 
tions. The balance, moreover, is tipped in 
opposite directions for negative and for positive 
materials. Por the first, light sensitivity is 
paramount; for the second, speed can be 
Kacrificed to satisfy other requirements of image 
colour, gradation, and ease of handling. 

Negative Emulsions.—In the preparation 
of emulsions of high speed, the aim is to produce 
a suspension of grains w hich are individually of 
high sensitivity and w'hich each contribute to the 
developed image as much light-stopping power 
as is consistent with the resolving power and 
smoothness of tone recpiired of the material in 
use. Research and experience extending over a 
I)eriod of sixty years have led to a biisic under¬ 
standing of the successive steps necessary to 
achieve these aims, although the best detail 
means of eftecting them remain the manufac¬ 
turing secrets of commercial production. Broadly 
there are throe atagi'S: (a) emulsification and 
ripening, {b) removal of soluble salts, and (c) 
digestion (after-ripening). In the first, the silver 
halide is precipitated in gelatin in darkness and 
the chemical nature of the grains and the grain- 
size distribution fixed. In the second, the 
soluble salts produced by the precipitation 
reaction are removed. In the third, the emul¬ 
sion gains speed and contrast by the reaction of 
sonsitisers, contained in or added to the gelatin, 
with the grains, further stages, in which the 
emulsion is sensitised for colour and “ doctors ” 
added to prepare it for coating, may be added to 
the account. 

Emulsification and Ripening .—Negative emul¬ 
sions are prepared by precipitation of mixed 
crystals of silver iodobroinide containing up to 
10% of silver iodide, gelatin being present in the 
solution throughout. The precipitate is then 
ripened in the presence of a solvent for the silver 
halide, during which the large grains grow at the 
expense of the smaller by Ostwald ripening, 
and small grains coalesce and recrystallise, this 
process being controlled by the emulsion maker 
to give the grain-size distribution required, for 
the precipitation, solutions are prepared con¬ 
taining 10% or slightly more respectively of the 
soluble halide (e.g., potassium bromide and 
iodide) and silver nitrate, and gelatin is added 
to the halide solution to the extent of from 
1-5%. Although this gelatin remains through¬ 
out and is one constituent of the finished emul¬ 
sion, it is only a small proportion of the total 
final gelatin, and is selected for its protective 
colloid action during precipitation, leaving to 
further gelatin added at the digestion stage all 
consideration of contained (impurity) sensitisers. 
The halide present is always in excess of the 
stoichiometric quantity required to react with 
the silver. In “ neutral ” emulsions this excess 
may be considerable, as it functions as a silver 
haUde solvent during ripening. In “ ammonia ” 
emulsions it may be small, the function of silver 
halide solvent being taken by ammonia, usually 
either added as such to the halide solution or 
added to the silver solution in such quantity as 


just to redissolvo the silver oxide first formed. 
On mixture with the bromide it is disengaged 
from the complex ion and becomes available to 
assist ripening. The silver solution is added to 
the bromide solution under accurately controlled 
conditions of temperature and rate, the bromide 
solution being vigorously stirred tliroughout. 
The first action in the precipitation, which is 
profoundly affected by the presence of gelatin, 
is the formation of sub-microscopic; nuclei froju 
the momentary high supersaturation produced 
at the point of mixture. I’hesc continue to 
grow throughout the precij)itation stage. In 
the second stage, the mixed emulsion, to wdiich 
all the silver has now been added, is held at a 
temperature not exceeding 50°c. for “ ammonia ” 
emulsions, but which may be as high as 70"c. or 
even 90°c. for “ neutral ” emulsions, until the 
required grain-size distribution is achieved. 

In commercial production, the precipitation 
and ripening stages may not bo so clearly 
delimited as in the above outfino. By slowing 
up the rate of addition of the silver, both pro¬ 
cesses go on concurrently, so that by the time 
all tlu; silver is added, it is possible for ripening 
to be complete. Nevertheless, it is possible 
within limits to roadi the same end either bj^ 
slow addition of the silver, so that the rate of 
production of nuclei is low', due to a low degree of 
supersaturation, resulting in largo crystals grow'- 
ing on the limited number of nuclei, or by 
ripening of a fine graint;d precipitate in tin; 
presence of excess potassium bromide or 
ammonia. 

Each particle as it grows is surrounded by an 
electrostatic double layer which consists of 
imperfectly oriented ions of the solid yjlus ions 
of the solubilising potassium bromide, these ions 
being more or less hydrated, according ae they 
are less or more completely oriented in the 
crystal lattice. The hydration consists of an 
atmosphere of water dipoles, wdiich are more or 
less numerous accordmg as the potential electric 
moment of the ion is not taken up by its attrac¬ 
tion and fixation in the crystal lattice. During 
Ostwald ripening the double layers surroundibg 
the larger growing particle and the smaller dis¬ 
solving particle are not ruptured, the effect, 
being in principle a transfer of water from the 
larger to the smaller particle, the energy deriving 
from the surface energy released as the total 
surface of the system becomes smaller. Such 
particles therefore, when brotight into collision 
by the accidents of Brownian movement, do not 
coalesce. Nevertheless, for a number of col- 
fisions, the double layer surrounding each 
particle is similar with respect to the hydration 
of the ions, so that it is ruptured and one double 
layer is formed surrounding both particles. In¬ 
side this, molecular orientation sets in and as 
there is the normal tendency to decrease the 
surface the particles may coalesce and recrystal¬ 
lise as one crystal. The gelatin, by blocking 
rapidly growing faces by an adsorbed layer, and 
by the influence of its internal structure, gives 
uniformity of growth to the grains and dis¬ 
courages the large dentritic forms. Each grain 
of the emulsion retains an adsorbed layer of 
potassium bromide, in which the bromide ions 
are attached to the crystal lattice, while the 
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potassium and otiior counter ions cannot enter 
it. These therefore cling diffusely round the 
crystal at the ooher side of an electrical double 
layer, and arc displaceable by other ions of the 
same sign. As will appear presently, this 
electrical double layer is of importance in the 
theory of development, and even physically has 
important effects in the newly precipitated 
emulsion, preventing flocculation. The firmly 
held bromide ions give each crystal an electric 
charge, so that it repels similar crystals (peptisa- 
tion). Silver halide precipitates j)rcparod in the 
presence of an excess of silver nitrate have 
similarly a firmly held layer of silver ions, and 
are of opposite sign to these prepared in presence 
of excess potassium bromide. A mixture of the 
two piecipitates therefore llocculatt^s. Follow¬ 
ing J<''ajan8 and Frankenburger, the silver 
bromide i)rcpared vith adsorbed silver ion is 
known as the silver body, that prepared with 
adsorbed bromide ion as the bromide body. 
The bromide body alone can be used in jdioto- 
graphic emulsions for development. Precipi¬ 
tates of opposite sign are reduced immediately 
by the developer without exjmsure to light and 
are also very rapidly discoloured by the action 
of light direct. Silver-body precipitates (usually 
of silver chloride and citrate) are therefore used 
in printing-out papers, in which a visible image 
is produced by the continued action of light, and 
then toned and fixed without development. 

The, Grain and Grain~size DistrUmtion .—Under 
the high-power microscope the grains of a 
negative emulsion are found to bo well-defined 
crystals of diameters ranging from the limit 
of resolution to some 3/x. They generally 
belong to the octahedral class of the regular 
system although cubic forms are found. The 
actual shape of the crystal can vary enormously, 
depending on whether growth has taken place 
in one, two, or three dimensions. The first gives 
needles, the second plates, and the third prisms. 
All these variations may be considered to be 
derived from a regular octahedron by differential 
growth of the faces. The octahedral faces have 
all their exposed ions of the same sign, and 
therefore exert powerful electrical attraction on 
dissolved ions of opposite sign. It is supposed 
that the adsorption of such ions slows down 
their rate of growth normal to the face, with the 
consequence that the fast-growing cubic faces 
contract to a point or line. The plates which 
occur in such large numbers are oriented by the 
forces operating during the drying of the coated 
emulsion to lie predominantly with their planes 
parallel to that of the support, and consequently 
present the largest possible target to the incident 
light. 

While all the considerations of this paragraph 
are subject to largo qualifications which will 
appear in due course below, it is possible to dis¬ 
cern on a theoretical basis the main effects of 
grain size and grain-size distribution on the 
photographic properties of the finished photo¬ 
graphic material. These quantities are fixed at 
the ripening stage; the subsequent processes of 
washing, digestion, coating, and keeping do not 
disturb, them significantly. Once ripening is 
stopped by washing, therefore, the possible 
photographic properties of the finished photo¬ 


graphic emulsion are restricted. Thus we should 
expect that the fastest emulsions are those in 
which mean grain size is large. Whatever be 
the mechanism of the action of light, a largo 
grain when reduced contributes more opacity 
to the photographic imago.than a small one, and 
it is diflScidt to believe that it requires pro¬ 
portionately more light. Similarly, provided 
that the number of (pianta required to make a 
grain developable is not siuall, it woidd be 
expected that an emulsion in v/hich all the grains 
were identical would have a high contrast. A 
certain cxposiire just insufficient to render a 
parti(;ular grain developable would not affect 
the otliers either. A slightly greater exposure 
will cause all the grains to be blackened. This 
is found broadly to be the case. Uareful experi¬ 
ment with a scries of emulsions, r.c., a com¬ 
parable set of emulsions where all the chemical 
factors are tlui same and only the lime of precipi¬ 
tation of the silver halide is varied (Trivelli 
and Smith, Fliot. J. 1939, 79, .330, 4(53) showed 
a direct proportionality {a) between the Hurter 
and Drifiichl speed * and the average grain size, 
and {b) between the Hurter and Driffield speed 
and the time of precipitation of the silver halide, 
and an exponential relation between the contrast 
of the emulsion (expressed by the tangent of the 
angle of slope of the Hurter and Driffield cha¬ 
racteristic curve, t(;rmed gamma) and tlio 
standard deviation (a) of the grain-size distri¬ 
bution. This is calculated from the formula 

a- x^)ISyyi'^ 

in which x is the grain size, x the average grain 
size, and y the frecpiency observed per thousand 
gi'ains. S is zero if all the grains arc identical. 

The emulsion maker therefore is able, by 
suitable choice of the conditions of precipitation 
and ripening, to settle the general character C'f 
the finished emulsion. By very rapid precipi¬ 
tation and niininnim ripening ho obtains an 
emulsion of low speed, high contrast, and small 
grams nearly identical with tlnur neighbours; 
by slow precipitation and maximum ripening 
in the presence of a silver halide solvent ho pro¬ 
duces an emulsion with a wide variation in grain 
sizes, a considerable proportion of which are 
large, and which has corresponding potontialiiie.s 
of high speed, but of only moderate contrast. 
He can further fix the total weight of silver per 
cubic centimetre of emulsion, which, for a given 
coating thickness, affects the contrast and the 
maximum density. 

The determination of the grain-size frequency 
distribution of a photographic emulsion is a 
highly specialised laboratory technique. Most 
of the work on this subject has been done by 
direct measurement of photomicrographs, made 
at a magnification of 2,.590 diameters and en¬ 
larged for measurement to 10,000 diameters. 
To avoid serious error, in studying the small- 
grain end of the distribution of the slower 
emulsions, the photomicrographs have to be 
made by ultra-violet light to obtain sufiioient» 
resolution, and even then the true size of the 
smallest class has to be obtained by extra¬ 
polation. Typical frequency curves for emul¬ 
sions of increasing precipitation time are shown 
♦ Defined in Section V, p. 566a. ^ 
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in Fig. 1 (from Trivelli and Smith, l.c.). As 
precipitation time increases the curves become 
flatter and increasingly skew. It was shown by 
Sheppard and TriveJli that this is a result to be 
expected from the distribution of the velocities 
of ions and molecules in the reaction solution, 
which was shown by Maxwell to follow the 
normal J^aplace-Gaiissian probability law. The 
first sub-microscopic particles of precipitate will 
have velocities the distribution of which follows 
the same law. The particles grow propor¬ 
tionally with the number of collisions, which is 
proportional to their size at any time. The 
result is a skew-form distribution curve, which 
t an be exi)resHed by an equation 

which is readily shown to be the normal distri¬ 
bution in terms of log x.* Here Y is the relative 


frequency of grains in the size-class x, Ax being 
the class width of the size units used in the 
measurements {e.g., 0*1 sq.p,., if the measure¬ 
ments are made in terms of the projective area 
of the grains in square microns). This formula 
has the unique property that w can be made any 
rational number by a mere change of the con¬ 
stants A and a, so that whether diameters, areas, 
volumes or weights of the grains are measmed, 
the distribution law turns out to be the same. 

In the more usual case with actual emulsions, 
the distribution curves are found to bo com¬ 
posed of segments meeting at distinct dis¬ 
continuities, each segment conforming to the 
above law. Such discontinuities are shown most 
plainly by plotting the accumulated froquoncios 
(he., the sum of all the grains smaller than x, 
against x) on semilogarithmic probability paper, 
the graph then being a representation of the 
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normal function of Kapteyn.t Two or more 
straight lines meeting rather sharply are 
obtained. The formula above follows im¬ 
mediately from the fact that the grai>h of 
the normal function is a straight line. From 
the curves suitable frequency constants for the 

• Called log-normal distributions ; see J. H. Gaddum, 
Nature, 1945, 156, 463. , ^ 

t If a quantity z, related to x by the function 
z^fix)y can be found which is distributed according to 
the normal Gaussian error curve, then z^Ux) is called 
the normal function of x. 'i'lie form of fix) affords 
information as to the manner in which the observed 
skew distribution of x was produced. If the normal 
function is logarithmic, e.g., z == (log« x — a), as in photo- 
grapldc emulsions, It indicates that the particles have 
grown at a rate proportional to their size at any 
instant. 


emulsion are calculated; e.g., the average 

particle size, the dispersion (the standard 
deviation), the coefficient of variation, and the 
median. By multiplying the frequency at 
which the grains in each class occur by the size 
of the class, a new curve is obtained representing 
the relative contribution to the total projective 
area of the projective area of each size class of 
grains, a curve better related to the photographic 
properties of the emulsion than the straightfor¬ 
ward frequency-distribution curve. The number 
of grains per cubic centimetre of the liquid emul¬ 
sion is generally counted directly from a separate 
microscopical preparation. Typical values for 
commercial emulsions are given in Table 
quoted from C. E. K. Mees (“Theory of the 
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Photographic Process,” Macmillan Co., New 
York, 1942, p. 62). 


Table I. 


Plate of film. 

Average 
grain 
size, X, 

HQ./J. 

.T)is- 
j)cr8jon 
a, sq.ix. 

N\iml)or of 
grains, N, 
per e.c. 

Motion-picture ])osi- 
tivc .... 

O-Iil 

0-25 

I17-S.^,x 

]<’irio-Krain roll flliii 

0-49 

o-r>8 

52-35 x JO« 

Portrait film 

O-fil 

0-75 

25-00 < 10'> 

llipli-Bpeed roll film 

((•93 

0-H] 

22-01 X lO** 

A"-K,ay film . 

2-30 

103 

0-32x109 


On the completion of ripening, the gelatin 
strength is brought up to approximately 10% 
by the addition of further gelatin, which is 
selected, however, in this case not for its 
mechanical and colloid protective properties but 
for its behaviour in the digestion stage. Wherj 
all the added gelatin has dissolved, the emulsion 
is cooled as ra])i(lly as possible and the firm jelly 
cut into shreds a few millimetres in diameter to 
facilitate washing. 

The Washing-out of the Soluble Salts .—The 
emulsion is washed to remove the potassium 
nitrate, product of the ]HCcipitation reaction, 
and excess bromide or ammonia left from the 
ripening stage. One im^thod is by the use of 
sprays of clean water impinging on the shredded 
emulsion spread out in ])crforatod metal baskets. 
While this water must be fdterod from suspended 
dirt and reasonably free from dissolved salts, it 
need not bo distilled. This is fortunate in view' 
of the very largo quantities rerpxired. The 
extent of w^ashing is controlled by the conditions 
of flow, temperature, and time, and measured by 
analytical ])roceduros which may be of an 
electrical nature. 

Digestion .—If the emulsion at th is stage is tested 
sensitoinetrically for its response to light it is 
found to be not only of low speed but of low 
contrast also. As it is hold at a temperature of 
60®o. or more, contrast and sensitivity increase 
very rapidly until, in a time usually less than an 
hour, the emulsion attains the contrast normal 
for its particular grain-size distribution. Speed 
may continue to increase for a time in a manner 
depending upon the whole previous history of the 
emulsion and of the gelatins used. After a time, 
usually less than an hour, the increase of speed 
ceases, and if digestion is continued the fog (i.e., 
the proportion of grains which are reducible in 
the developer without exposure) may begin to 
grow rapidly. 

Present understanding of the changes which 
take place in a photographic emulsion during! 
digestion is a product of the last 26 years. 
Practical emulsion-makers had learnt by ex¬ 
perience that gelatins differed enormously in 
their influence on the photographic properties 
of the final emulsion, although they might be 
very similar in their properties of protective 
colloid in precipitation. Some gelatins are 
classed, on the basis of practical trials, as 
“ slow ” or ” inert,” others as “ fast ” or 
“ active.” After accurate statistical methods 
for discovering the grain-size distribution of 
emulsions had been developed, it became 


apparent that the differences between gelatins 
could no longer be put down to their influence 
on this factor, but that a direct chemical or 
planation of their activity must be sought, i 
discovery made by K. F. Punnett, of the Kodak 
Park works, Eastman Kodak Co., that an extract 
could bo prepared from an ” active ” gelatin, 
which increased the speed of emulsions made 
from inert gelatin, appeared to prove this. The 
result of a long investigation based on this 
broad clue appeared in a pamper published by 
Sheppard in l‘.)25 (Shcyjpard, Phot, J. 1925, 65, 
1180). Both by-products and intermediates from 
every stage of gelatin manufacture (v. Vol. V, 
504u) w'orc examined by exhaustive extractive 
procedures and photographic emulsion tests, this 
latter consisting in adclirig the extract in question 
to an (imulsion made with a standard inert 
gelatin. It was found that the acid deliming 
liquors contained an active m/iterial, which 
could bo concentrated by evaporation in vacAio 
or better by ligroin extraction of a precipitate of 
aluminium hydroxide produced in the liquor by 
the addition of alum. The extract dried down 
to a reddish waxy solid consisting chiefly of 
cholesterol, but which was showm to be active 
because of a non-storol impurity dissolved in it. 
In a search for this impurity, extracts wore pre¬ 
pared from vegetable seeds, as being likely to 
contain a considerable sterol fraction, con¬ 
taminated, moreover, with the same impurity, 
carried into the gelatin in the diet of the animal. 
From a largo variety of ])lanfc materials, notably 
the seeds and socdhulls of beans, peas, and 
cereals, the unknown sonsitiser was obtained, 
associated, though apparently only by solution, 
with the phytosterols. An extremely potent 
extract was obtained from black mustard seed 
and the sensitiser reasonably idontifiod with allyl 
mustard oil or some similar compound. The 
complete identity was established by separating 
this compound directly from active gelatin and 
from the deliming liquors by steam distillation, 
and confirming its effect in emulsions. The con¬ 
centration in photographic gelatin varied from 
one to three parts in a million. 

Further work with pure compoiinds showed 
that the effective grouping was the isothio¬ 
cyanate grouping R—N:C:S, the alkyl part of 
the molecule being replaceable with other 
radicles. Such sensitisers wore effective only 
in the presence of alkali sufficient to produce 
ammonia or free amino groups with which they 
react to form a thiourea. 

^NHR 

R N:C:S~1-NH3-> C=r. S 


Traces of these substances in an emulsion, 
formed either from the naturally occurring thio- 
carbimides in the gelatin by the action of 
ammonia or amines, or deliberately added thio¬ 
ureas, attack the silver halide grains, forming, 
small quantities of an addition compound: 


(AgBr);n : 


uri 


\ 


NH, 
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When this compound reacts with alkali it is 
converted into silver sulphide. The importance 
of this mechanism will appear in Section II, 
where it is shown to provide the necessary sensi¬ 
tivity specks required by modern theory to con¬ 
centrate the action of light falling over the whole 
target area of each grain. 

While the publication of the above work pro¬ 
vided a considerable stimulus to research and 
explained some long known practical obser¬ 
vations, it did not transform the art of emulsion 
making into a science overnight. Gelatin con¬ 
tains many other impurities besides the thio- 
carbimides, and some of these may have equally 
profound effects. Thus sulphide-ion sulphur in 
a gelatin is liable to give coloured dichroic fogs 
on long development of the finished material. 
The sulphide produces germs of silver sulphide 
throughout the gelatin when the layer is im¬ 
mersed in the developer. These grow' during 
the remainder of development by a plating on to 
them of silver dissolved out of the layer by 
complex ion formation (e.g., with the sulphite). 
When big enough to scatter blue light, they 
appear as yellow stain. Such sulphide sulphur 
can be estimated by measurement of the hydro¬ 
gen sulphide formed on aeration of an acidified 
sample of the gelatin, or by the Feigl reaction 
with sodium azide. 

Other compounds of sul|)hur in gelatin or an 
excess of the sonsiti.sers may produce normal 
or black fog, i.e.y they make an unduly high 
proportion of grains developable wdthout ex¬ 
posure. In addition, dcsensitisers and anti¬ 
fogging agents ^ of unknown nature arc un¬ 
doubtedly present in small and varying amounts, 
so that the behaviour of a gelatin can, as before, 
only be ascertained by practical trial. Gelatins 
can be classified empirically into various classes 
by the photographic properties of emulsions 
made with them and tested at successive stages 
of the emulsion-making procedure. By such 
classifications the emulsion maker is able to 
maintain the properties of his emulsions through 
changes of gelatin from batch to batch, a neces¬ 
sity of commercial production where the market 
expects a given grade of the product to have the 
same properties regardless of batch number. 

The emulsion so made is run off through coolers 
into emulsion pots, set, and stored in a re¬ 
frigerated room. It may be used as the basic 
emulsion for a variety of products, depending on 
the sensitising dyes and other “ doctors ” added. 
Before coating, the pH and pAg are adjusted, 
hardeners and stabilisers added, while “ doctors ” 
to assist spreading and break foam may be 
added expressly to assist the coating operation. 
From an early stage the emulsion must bo pre¬ 
served against the action of bacteria and moulds 
by the addition of selected preservatives. 
Throughout these processes the use of silver-lined 
kettles, and vessels of chemical stoneware, stain¬ 
less steel, or of nickel, is common practice. 

While the above description would make it 
appear that the preparation of a photographic 
emulsion is by no means a difficult chemical 
operation, in commercial practice the need of 
consistency transforms an essentially simple 
chemical operation into a process requiring 
refined chemical and sensitometric control at 


every step. A large part of the product of the 
industry is used in mechanised applications 
where it is extremely inconvenient to change the 
strength of light sources or the time of develop¬ 
ment to suit a change in the properties of the 
photographic material from batch to batch of 
the same grade. In the ciaomatograph in¬ 
dustry, in particular, a difference of as little as 
12% in the speed of adjacent rolls of the film on 
wffiich positive prints are made would be dotcct- 
abJe on the print. The mechanics of tho quantity 
production of such prints are such that adjust¬ 
ments to cope with the differences of 50% and 
more which were common 20 years ago 
would often be outside tlui range of adjustment 
physically provided for in the apparatus, even 
if the industry were prepared to put up with 
the expense and interruption roquirod first to 
find the extent of tho adjustments and then to 
put them into effect. The manufacturers there¬ 
fore, faced with a constant inffow of new hatches 
of raw' materials, one of the most important of 
wdiich, gelatin, is a natural product which as yet 
can bo made to conform only to a limited chemi¬ 
cal specification, is forced to use the devices of 
pilot coatings and of blending both of gelatins 
ami of finished emulsions in order to obtain a 
consistent pioduct. d’hc organisation of the 
testing procedures required and their integra¬ 
tion with production, results in a high proportion 
of testing to ])roductiou personnel, as eompared 
w'itli other industries. This proportion may 
amount to 25% if tho staff engaged on in.speclion 
and testing of the finished prodmd is included. 

Printing Paper Emulsions.—Tn printing 
papers the main division is betw'oen enlarging 
and contact papers. The (unulsion maker has to 
pay much more attention to imago colour and 
ease of handling under mass-production con 
ditions, and can, exec^pt for the division above, 
neglect comparatively the question of absolute 
speed. Once suitable levels of speed in these 
tw'o divisions have been established, his aim, 
particularly since tho advent of printers wdth 
automatically controlled exposure, is to produce 
batch after batch of a consistent product. For 
enlarging papers the main resource is a washed 
silver bromide emulsion of tho slow negative 
type, either completely unsensitisod or soiisitisoil 
only in tho blue or blue-green region of tho 
spectrum.. All such papers are invariably 
handled in orange or red light. The “ gaslight ” 
paper, used for contact printing of amateur 
negatives in “ D. and P.” establishments, has a 
silver chloride emulsion slow enough to bo 
handled in a bright yellow light, j^ct fast enough 
to yield a satisfactory print in a commercial 
printer with an exposure of the order of one 
second. It yields a characteristic blue black 
image colour and a gradation of tones peculiarly 
well adapted to modern negative materials. In 
between the two are the chloro-bromide paper 
emulsions, tho usefulness of which depends upon 
the range of pleasing warm-black tones obtain¬ 
able by modifications of the conditions of 
development. These are, as their name implies, 
fhixtures of silver bromide and chloride co¬ 
precipitated to form mixed crystals, the iso- 
morpbous bromide and chloride crystallising 
together to yield one lattice. They can be made 
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of speeds suitable cither for enlarging or for 
contact printing. The grains of such chloride 
papers are only visible under the highest powers 
of the microscope. In their preparation the well- 
defined stages in the preparation of negative 
emulsions do not appear, the quality and 
sensitivity of such emulsions depending upon 
the formula, the gelatin (most or all of which is 
added at the beginning), and the exact conditions 
of precipitation. Variations in these factors 
allow each kind of paper to be made in grades 
giving satisfactory prints with a full scale of 
tones from white to black from negatives of 
widely differing density range. This question of 
the exposure scale of the paper is dealt with in 
Section V. In recent years a number of papers 
liave appeared in which the exposure scale can 
be selected at the time of printing by choice of 
the colour of the printing light. This is done 
cither by a mixture of two emulsions of differing 
contrast differentially sensitised (B.P. 494088, | 
1987 ; 541510-15, 1940) or by the use of certain 
sensitising d 3 'es in very limited amount (B.P. 
547000, 1940b 

The Ra>y Materials.—The silver nitrate 
used for emulsion making is made from bullion 
silver and is purified by repeated recrystal¬ 
lisation. It must be free from other heavy 
metals and organic dirt, but satisfactory purity 
is not diflicult to achieve. The gelatin used in 
photography is the highest quality product made 
by gelatin and glue works. While the essential 
treatment of the raw material is as described in 
the article Gklatin- (Vol. V, 504, 505), the stock 
is selected, and only the products of the early 
and lower-temperature cooks are employed for 
photographic gelatin. The selected stock in¬ 
cludes clippings from calf hide, and ears, check 
pieces and pates, these parts being of no value 
for leather. C^^ertain qualities of gelatin are 
made from pigskin, and some from dccal- 
cifuid bone. Lime-i')rooossed and acid-processed 
gelatins are both used. These differ in their 
isoelectric point, which is a function of the 
extraction history of the material with respect 
to pH (Ames, J.S.C.I. 1944, 63, 200) and in the 
properties of the jolly (c.g., swelling behaviour). 

In choosing the gelatins, the emulsion maker 
is concerned almost equally with the physical 
properties of tlio jelly prepared by cooling hot 
solutions of the gelatin as with its chemical 
reactions with the light sensitive silver halide. 
For the first, laboratory tests of jelly strength, 
viscosity before and after digestion, melting- 
point, and particularly rate of sotting provide 
sufficient criteria of selection. For the second, 
the laboratory can test for the presence of heavy 
metals and reducing agents (both to be avoided), 
and (;aa put the gelatin approximately into its 
class £is to its potentialities for giving speed by 
estimations of the labile sulphuj carried out 
according to some standardised technique. The 
only satisfactory^ method, however, is by the 
preparation of xjilot photographic emulsions, the 
properties of which, interpreted by the aid of a 
vast body of exporionco, enable any particular 
gelatin to be classified and earmarked for an 
employment where its good qualities will best 
be utilised a'nd its defects be least harmful. 

To a limited extent the emulsion chemist is 


able to modify both the i)hysical and chemical 
properties of the gelatin raw material. To the 
first belong all those procedures descTibcd as 
hardening. Such procedures are commonly 
applied at two points in the history of a photo¬ 
graphic material, namely during manufacture 
where hardening is used to give protection 
against softening and stickmg at high tempera¬ 
tures and humidities, and particularly in the 
case of photographic papers, to allow of simul¬ 
taneous drying and glazing of the prints on a hot 
polished metal drum ; and also during processing 
to keep the wet gelatin layer firm and tough 
throughout the processing operations, jjar- 
ticularly if these are to be carried out at temj^cra- 
tures higher than normal. The reactions in¬ 
volved are siniUar to those oiieratirig in the 
tanning of hide. Inorganic agents used are 
chrome alum and potash alum, the latter being 
used very extensively in acid hai'dcning fixing 
baths. These salts liardon to an optimum at a 
characteristic pfi at which hydrous alumina 
and chromic oxide start to separate ; pH 4'0 for 
aluminium and pll 5T for chromium, though the 
exact value varies with the conditions. The 
alums can thus be used in acid solution, as in 
acid fixing baths. Organic hardening agents, 
on-the other hand, in general increase in efficiency 
as the pH is raised above xdH 5, aiq^roxirnatoly 
the isoelectric x)oint of lime-processed gelatin. 
The agents used, many of wlxich are jirotectod 
by patents, may bo classified as aldehydes {e.g., 
formaldehyde), hydroxyaldohydos (c.f/., glycol 
aldehyde, aldol, glycoraldehyde), dialdehydes 
(e.gr., glyoxal), nnsaturated aliphatic aldehydes 
(c.g'., acrolein, crotonaldchydo), carhoxylie alde¬ 
hydes (e.^., mucochloric acid), ketones (e.g., 
diacotyl, acetonylacetono). Some of these 
agents are liable to cause fog, others reticulation 
(this is a fine-grained folding of the emulsion 
layer into a network of waves, often due to ex¬ 
cessive swelling of certain strata of an emulsion 
layer combined with hardening of other strata). 

The chemical properties of gelatin in relation 
to emulsion making are, as described above, 
mostly taken as found. Nevertheless agents are 
known which, when added to a gelatin, cause it 
to behave photographically like one of a different 
class. Such agents can modify both the 
dispersion of the silver halide x^rocipitato and the 
manner of the formation of sensitivity specks on 
it. Defects such as liability to yellow stain or 
to yield high veil on keeping can also be reduced. 
The nature of these agents, in so far as it has 
been made public, is to be sought in the patent 
literature (c.g., B.P. 539365; 53G525 ; 522997; 
616005; 541232; U.S.P. 2271622; 2271623). 

The potassium bromide, iodide, etc., used are 
the ordinary chemicals of reagent grade. The 
dyes used for conferring sensitivity to coloured 
light are discussed in Section VII. 

The Coating Operation. —^The gelatin 
medium universally used as the vehicle for silver 
halide photographic emulsions has so many 
useful prox)erties both from the manufacturer’s 
and the user’s point of view thset its few defects 
are accepted as necessary evils and countered 
by suitable procedures both in the factory and 
the darkroom. The ready reversibility of the 
sol-gel transformation, which may prove a 
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nuisance to the photographer attempting to 
process his materials,in the tropics, is an asset 
in the coating room, as it enables the fluid 
emulsion, cast evenly on a support, to be sot 
rapidly by refrigeration to a jelly which can then 
be dried during a comparatively much longer 
jieriod without disturbance to the original form 
of the coating. Moreover, the support with the 
set jelly on it can be handled without regard to 
gravity, cai)illarity or other factors which would 
gravely complicate the drying of a liquid layer. 
The coating of photographic emulsions can 
therefore be considered in two stages: (a) the 
casting of the emulsion on the support and its 
setting ; and (6) the drying of the set layer. 

In dealing with the first, the techniques ein- 
jdoyed naturally differ according as to whether 
the support for the emulsion is flexible or rigid. 
All materials of the former type are handled in 
the form of rolls, some 40 in. wddo, and the 
machinery is designed to take a roll of raw siip- 
7 >ort at one end, and deliver a roll of coated 
j)hotographic material at the other, the coatings 
applied not necessarily being confined to one. 
Summarising a description which has appeared 
in the article Celluloid Plastics (Vol. 11, 
44Gffi), the support is unwound from the stock 
roll (Fig. 2) over a number of rollers, one of 


connecting the viscosity rj, the density p of tho 
emulsion, tho speed of the coating machine, and 
the thickness t of the layer as follows; 

t^=2vr)lpg where v is the velocity of drawing. 

It will be seen that as the speed of the machine 
and the viscosity of the fluid layer increase, so 
does the thickness of the congealed layer. Hence 
there is a limit to the speed of coating, a speed 
whore no practicable reduction of tho viscosity 
of the emulsion by dilution or high temperatures 
will yield a sufficiently thin coating. In general 
tho viscosity of tho emulsion can be reduced 
sufficiently by dilution and by control of the 
temperature (for a fine adjustment) to give the 
thickness of coating required at speeds from 
15 ft. per min. upwards. Given a support with¬ 
out dimples or cockles, tho uniformity of coating 
which can be achieved by this method is extra¬ 
ordinary. Rolls 2,000 ft. long can bo coated, 
and processed to a positive by reversal (Section 
111, p. 563c) without any of the effects of 
non-uniform coating being detectable photo¬ 
graphically. In reversal the positive image is 
developed from all or part of tho residual halide 
image left after removal of the negative silver 
image in a bleacli. Its density is particularly 
sensitive to coating thickness variations. It is 
doubtful if the integral tri-pack materials for 



colour photography (see Section VII) could 
have been brought to a commercial succa^ss 
in the absence of this prior art of uniform 
coating of film with black and white emulsions. 
A far lower degree of uniformity is achieved 
on paj)er, where the surface of the sheet is 
not plane. Except for reversal processing, 
however, a non-uniform coat does not matter, 
within limits. The image only reaches the 
support in the deepest shadows (where non- 


Eig. 2.—Diagram of Film Emulsion 
Coating Plant. 


uniformities cannot be seen) and elsewhere 
extends to its proper depth in both hump 
and hollow, the excess of silver halide being 


dissolved away in the fixing bath. Nevorthe- 


which may be connected to a footage meter, to loss, as uniform a coating as possible is desirable 
the coating roller, round which it is bent through as thick and thin places have different rates of 
approximately 180° to rise vertically some 10 or drying which may alter tho sensitivity and 
12 fi. into t\xe chill box. The coating roller dips x^roduce a mottle. Normal variations do not 
into the liquid emulsion which is fed by a exceed 5% (i.e., O-l^t. on tho dry layer), 
constant level device to the w^ator-jacketed The coated material, after the emulsion is set, 

coating tray, which can be adjusted as to height emerges from the chill box, and may either have 
by a precision jack. Cups at each end of tho another coat put on it immediately or is first 
coating roller bear on the support at its edges dried. The application of a thin anti-abrasion 
and prevent leakage of emulsion roxmd to tho supercoat of plain gelatin, usual on all products 
w rong side of the support. In the chill box the except perforated motion-picture film, is corn- 
emulsion is set by blasts of cold air directed on mon at this stage. The supercoat is quickly set 
to the face of the material, or by a combination by chilled rollers applied to tho already cold 
of this with the cooling action of a chilled roller material, and the whole then dried under 
coming into contact with the back. carefully controUod conditions in very clean 

With this arrangement the amount of emul- air. 
sion picked up and thus the final thickness of For drying two methods are in use. Tho first 
the dried layer depends solely on the viscosity utilises the u^ual method of festoon drying of 
of the emulsion and the speed of the machine, the paper-coating industry. The material as it 
The conditions are the same as those employed emerges is picked up on sticks which are brought 
in the manufacture of enamel-covered instru- into contact with the back by projections on two 
ment wire, where it has been shown (G.E.C. parallel rising chains, one at each side (Fig. 2). 
Research Staff, Phil. Mag. 1922, 44, 1002-1014) The festoons formed are from 7 to 9 ft. deep, 
that the outer face of the equilibrium fluid layer The stick is transferred at tho top of the rise to 
is stationary while the inner is moving upwards a horizontal slower-moving chain which convoys 
with the velocity of the support. In the simpler tho sticks and the loops bodily through the 
case of a plane surface, this leads to a formula length of a drying alley, which may bo up to 
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300 yards long. Here tho water in the swollen 
layer is evaporated by air currents controlled as 
to direction and volume by adjustable ports and 
as to temperature and humidity by air condition¬ 
ing plant. All the air is filtered to clean it 
of dirt. Tho air temperature gradually rises 
through tho length of tho alley, but just before 
spooling the temperature falls and the humidity 
rises to condition the product for si^ooling and 
packing. Machines of tho other type which 
grip the material by tho edges and carry it 
through a drying tunnel liave the adv.antage 
that the product can be coated on both sides 
and dried in one oi)cration. With festoon drying 
tho back of the j»roduct, which may carry 
another photographic emulsion (Y-ray film), 
or a gelatin anti-curl or anti-halation layer 
(amateur roll film), has to be coated in a 
soijarato o})eration, with the material turned 
o\’or. 

Tlio commercial coating of glass plates is a 
completely distinct technique with a much 
longer history. 'I'lio operation here is one of 
sf)reading, no control being possible by drainage. 
The glass plat os, which are selected from window- 
glass production for flatness and freedom from 
flaws, are washed on a machine by sprays and 
reciprocating brushes, rinsed, and then coated 
with a substratum before passing down a drying 
tunnel. Tho subbing solution, which is a very 
dilute solution of gelatin and hardening agents, 
is conveniently applied by a wick wiping the 
face of the, moving plate. When dry, the sub¬ 
stratum can just bo detocied by rubbing it up 
under the microscoj)e. It serves to anchor the 
(jmulsion to the glass and prevents edge frilling 
and blisters during processing. The clean, dry, 
and subbed jdates are now ready for coating, 
but may be backed first, if the backings will 
withstand tho subsequent coating operations. 
Modern plates are frequently backed with a 
coloured (or bla ck) layer, which dissolves off the 
glass in the processing baths. In the more suc¬ 
cessful examples the dye removed with the dis¬ 
solving backing is decolorised in the developer. 
In the camera tho backing layer, which has a 
refractive index close to that of the glass, pre¬ 
vents reflection of light at the back face of the 
glass and absorbs that which crosses it, reducing 
the defect known as halation. Alkali soluble 
vehicles which have been used comprise phtha- 
lato esters of cellulose and polyvinyl alcohol, and 
hydrolysis products of natural resins (B.P. 
552135; 520157; 511180). Where the plates 
are backed after coating the vehicle can be any 
water-soluble gum (e.gr., gum arabic). Backing 
before coating is more convenient and control¬ 
lable than backing after coating, as the operation 
can be done in the light, and the rejection of 
defective plates is not so costly. On the other 
hand, with this method the backing layer must 
be water resistant to withstand contact with the 
wet bands of the coating machine, yet readily 
soluble in tho mildly alkaline developer. Tho 
other necessary properties of firm adhesion, 
ready parting under tho diamond without chip¬ 
ping, and lack of tack when stored under tropical 
(conditions, all limit seriously the range of 
possible vehicles. The dyes (e.g.. Acid Fuchsine, 
Ink Blue) are discharged by the alkali or sulphite 


of the developer. I)yes with less desensitising 
powers than the above triphenyl methane dyes 
are disclosed in the patent literature (B.P. 
50G385; 529440). 

The coating with emulsion is done by spreaders 
which discharge a carefully regulated amount of 
fluid emulsion on to the horizontal surface of the 
plate travelling on a moving band, or on chains. 
A few seconds after coating tho plate is trans¬ 
ferred to a chilled band which sets tho emulsion, 
this band moving slightly faster than the coating 
band so as to separate the plates. Sotting is 
completed by the time the plate reaches the end 
of the band, and the plates arc then removed 
and racked for drying in cupboards. The air 
supplied to tho cupboards is filtered, washed, 
and conditioned just as it is for tho drying alleys 
of flexible products. 

Spreaders are of various designs, each factory 
having its own pattern modified by experience 
to suit its own peculiar conditions. In throe 
typos the emulsion is delivered to the plate from 
a constant head device by gravity alone; these 
are the parallel plate spreader, the slit spreader, 
and tho weir spreader. In the first, two paralkd 
plates slightly spaced from eac'h other form a 
slot througli which a steady stream of fluid 
emulsion is fed to the moving plates. In tho 
second the slot is reduced to a slit, while in tlu^ 
third tlie licpid emulsion overflows from a 
constant head device dowm one or more weirs. 
Each w^eir crest forms a delay stage at which 
lengthwise evening-out of tho emulsion can 
occur. A fourth type attempts to secure even 
coating by tho same principle as is used for 
flexible products. A rotating roller picks up a 
film of emulsion which is removed by a rubber 
8cra])er and guided down a weir on to the plate. 
In most cases coating is actually done from a 
meniscus formed at the junction between the 
moving plate and a light flexible apron attached 
to the spreader. At the point of coating the 
coating band passes over a carefully levelled 
coating bed, and the whole is kept above 
the setting point of the emulsion by passing the 
coating band through a tank of hot w’’ater. Tho 
glass plates, which are put on in edge to edge 
contact, are rapidly and evenly heated by the 
film of water on which they rest. Even after 
coating, therefore, the emulsion can level itself 
up until set by transfer to the similar wot 
chilling-band. 

No account of coating procedures for photo¬ 
graphic materials would bo complete without 
mention of the extraordinary precautions which 
have to be taken throughout to eliminate defects 
due to microscopic particles of foreign dirt. 
Once the layer is set, any foreign body already 
in the layer or reaching it during coating or dry¬ 
ing, if capable of affecting the photographic 
properties of the oniiilsion at all, will reveal itself 
by a dark or light spot which may have an area 
five hundred times that of the foreign particle 
itself. Dirt specks, therefore, which are invisible 
except under tho microscope may produce a 
crop of blemishes sufficient to ruin the photo¬ 
graph even on naked-eye inspection, to say 
nothing of enlargement in the cinematograph 
projector. Particles of metal from machinery, 
soil, sulphur from rubber goods, mercury, all 
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have very potent effects. Operatives are re- 
(^uired, therefore, to wear special overalls, caps, 
and in some operations gloves, while plant and 
buildings must bo maintained in a state of spot¬ 
less cleanliness comparable with that in a surgical 
operating theatre. The same precautions must 
bo taken in the packing rooms, where dust reach¬ 
ing the face of the product will obstruct the light 
when the material is exposed and lead to a crop 
of minute white shadows known as dust specks. 
The packing materials must not only be free of 
dust, but carefully selected on the basis of 
practical trials in contact with photographic 
emulsions incubated with them in sandwich 
form. 

Supports for Photographic Emulsions. 

—The varieties and manufacture of photo¬ 
graphic film support are described in the article 
Cet-luloid Pi-astics (Vol. II, 446). Por the 
manufacture of sheet window glass see Vol. V, 
560, 594. While the main principles of the 
manufacture of photographic paper do not differ 
from those applied in the manufacture of any 
high-class book or writing paper {v. this Vol., 
p. 'Iiryd) the rocpiiremcnts are so specialised that 
maniifa(5turo is in many cases relegated to a 
special mill devoted entirely to photographic 
paper. This is mainly because of the extreme 
precautions which have to be taken against 
metal speck impurities, which would give rise to 
spots on the finished photographs. The papers 
produced are characterised by high chemical 
purity, whiteness, and strength, particular im¬ 
portance being attached to wet strength, so that 
the prints shall stand up to the processing opera¬ 
tions. The fibre stocks used comprise rag, 
bleached sulphite pulp (hard and soft wood); 
bleached alpha pidps (hard and soft wood); 
bleached soda pulp (hardwood); esparto. 
Whereas 20 years ago the inclusion of a 
large proportion of rag would have been con¬ 
sidered essential for the necessary strength and 
permanency, the art has so improved that to-day 
papers made wholly of wood can be superior to 
rag papers made from laundered rags. This 
applies particularly to the alpha pulps. The 
weights used range from 70 to 250 g. per sq. ra., 
the last being card stock. Apart from the rosin 
size incorporated in the beater, the papers are 
usually tub-sized with gelatin, and may be 
coated directly with emulsion (natural surfaced 
papers) or are more usually baryta coated in 
a separate department. The baryta coating, 
which is based on blanc-fixe in a gelatin binder, 
determines the nature of the paper surface; 
i.e., whether glossy, satin or matt, and can be 
dyed to give popular shades of blue-white or 
cream. From one to four successive coats are 
applied, the machinery and festoon drying 
technique being that usual in the paper-coating 
industry. The coated papers are calendered 
before emulsion coating, and one of the bowls 
may be embossed with a fine-grain pattern to 
confer a distinctive surface. Further matting 
agents {e.g.y starch) may be added to the 
emulsion and supercoat. Photographic papers 
are invariably overcoated with a thin plain 
gelatin supercoat to avoid stress marks, i.c., 
lines of developed silver along the course of 
abrasions. 


A small proportion of photographic material 
is coated on special supports. Those include 
aluminium foil, which may be anodised, 
lacquered, or laminated between two sheets of 
paper in order to insulate the emulsion from the 
metal. This material retains its dimensions 
throughout processing very closely. Other 
paper supj)orts are waterproofed before coating 
by the application of lac(iuers to both sides. 
These are quickly processed and dried and have 
good dimensional stabihty. Semi-transparent 
supports of glassine, transparentised and 
lacquered paper, and tracing Unen, when coated 
with a slow emulsion, have their uses in the 
drawing office. Various products in which the 
emulsion layer can bo stripped off after pro¬ 
cessing, mounted on a thin film of collodion or 
an unsensitised gelatin layer, are used in the 
photomechanical industry. The materials so 
produced yield negatives with many of the uses 
of negatives on film, but at a lower price. In 
these products the interface of stripping is 
treated wdth traces of wax or rosins to ensure a 
clean separation when the stripping layer is 
later detached. Others depend on the solution 
of a layer of soft gelatin in warm water. 

The History of PuoToaRAPina Matertai.s. 

The modern photographic process with salts 
of silver, in which an indefinite number of prints 
can bo made from one photographic negative, 
derives in a direct line from the work of William 
Henry Fox Talbot (1800-77), who in 1834, in 
ignorance of previous work reported by H. Davy 
and Thomas Wedgwood in 1802 (“An Account 
of a Method of Copying Paintings upon Glass, 
and of making Profiles by the agency of Light 
upon the Nitrate of Silver.” Invented by 
Thomas Wedgwood, Esq., with observations by 
H. Davy, Journal of the Royal Institution, 1802) 
began experiments specifically directed to fixing 
the imago of the camera obscura. He began 
with white paper brushed over with nitrate of 
silver, but found it, and a like paper treated with 
silver chloride, intolerably slow for use in the 
camera. He attempted an improvement by 
forming the silver chloride on the paper by 
alternate baths of salt and silver nitrate, and 
succeeded, by using an insufficiency of salt to 
react with all the silver, and by exposing the 
paper while wet, in reducing the exposure to 
10 minutes'or so, provided it was a bright day. 
This was in the summer of 1836, when his first 
photographs, fixed by bathing in solutions of 
common salt or of potassium iodide, were ob¬ 
tained. These were of miniature size, and were 
negatives. They were of course print-out 
images. Talbot did not discover the latent 
image, and the process of its development, until 
September, 1840. 

Talbot was led to publish his progress with 
print-out images in January, 1839, as a result 
of the announcement by Arago, on January 7, 
1839, to the French Academy of Sciences (Compt. 
rend. 1839, 8 , 4) that L. J. M. Daguerre had dis¬ 
covered a method of photography. This 
announcement revealed no details of Daguerre's 
process, which were not made public until 
August,. 1839, Daguerre's process, which prO' 
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duced an enormous senBation, employed for the 
first time a method of development of an in¬ 
visible latent image. Highly polished plates of 
silver or of silvered copper wore exposed to the 
fumes of iodine, and the sensitive surface of silver 
iodide exposed in the camera for from 3 to 30 
minutes. The plate was then removed and the 
invisible latent image developed by exposing 
the plate to the vapour of heated mercury, which 
condensed on the exposed parts. Originally the 
plate was (imperfectly) fixed by means of a hot 
solution of common salt, but in 1839 Daguerre 
learnt of the solvent action of sodium thiosul¬ 
phate solutions for the silver halides (reported 
by Herschel in 1819). In the Daguerreotype the 
image was reversed (as in a mirror), while the 
shadows of the subject were represented by the 
original silver plate, and appeared dark only if 
so tilted as to reflect a dark part of the sur¬ 
roundings. The lights of the picture, made up 
of the mercury amalgam, could be damaged by a 
touch. The plate was considerably increased in 
speed by the use of bromine in conjunction with 
iodine (J. F. Goddard, 1840), and improved in 
contrast and resistance to handling by toning 
with gold (H. L. Fizeau, 1840). These improve- 
mojits, together with the Petzval lens (1841) 
made portraiture practical. The possible part 
played in the final Daguerreotype process by hints 
Icamt from the work of J. N. Niepce, Daguerre’s 
collaborator from 1829 to his death in 1833, will 
probably never be known. Ho seems by 1816 
to have got as far as Wedgwood had 20 years 
previously (unfixed negative prints on silver 
(Iiloride paper), but abandoned silver processes 
for extremely slow processes based on the 
hardening of asphaltum varnishes by light. 
Some of these were spread on silver plates and his 
use of iodine to darken the bare metal left after 
removal of the unexposed varnish may have 
given a hint to Daguerre. 

Daguerreotype, though extinct in 15 years, 
popularised the notion of photography and 
enormously stimulated research. By 1841 Tal¬ 
bot had produced the Calotype process, in which 
paper impregnated with silver iodide was 
washed over with a mixture of silver nitrate and 
gallic acid, and after exposure developed with 
more of the gallic acid and silver nitrate mixture. 
The resulting negatives were fixed in “ hypo,” 
and printed on the silver chloride paper of 1839, 
Talbot had learnt of the fixing powers of sodium 
thiosulphate solutions from Herschel, and may 
have used gallic acid as a result of hearing of its 
use in 1836-37 by the Rev. J. B. Roade. This 
experimenter had prepared what he believed to 
be a very rapid print-out paper by the use of 
gallic acid (inferred to be useful from the 
remarks of Davy in the paper of lfi02) and used 
it in his solar microscope. He was in fact ex¬ 
posing and developing simultaneously, but did 
not appreciate the fact. Talbot, on the other 
hand, was fully aware, from results first obtained 
by accident on September 20, 1840, that he was 
developing a latent image. From his process, 
via albumonised glass (Niepce de Saint-Victor, 
1847), wet collodion (F. Scott Archer, 1848-61), 
“ preserve4 ” or dry collodion (1860-70), to the 
gelatin dry plate (R. L. Maddox, 1871), modern 
sensitive layers derive. 


II. THE ACTION OF LIGHT. 

Historically, the use of silver salts in photo¬ 
graphy followed from observations of the print¬ 
out effect. The useful processes which secured 
visible images by the development of invisible 
lateMt images produced by a very small exposure 
to light followed from successive direct modifi¬ 
cations of print-out processes. From the early 
days of scientific interest in photography, there¬ 
fore, it has been taken as probable that the 
events which produce a visible discoloration in 
a silver halide crystal on exposure to light are a 
continuation of the events which produce a 
latent image, and that this once produced, the 
mechanism of its catalytic action in enabling the 
developer to distinguish between an exposed 
and an unexposed grain belongs properly to a 
theory of development. 

The nature of the print-out discoloration was 
for long not understood. As early as 1802, 
Davy, in commenting upon the experiments of 
Wedgwood with print-out silver chloride papers, 
opined that some of the silver deserted its acid 
to yield a dark compound with the organic 
matter present. Carey Lea, as a result of 
researches on the photohalidcs of silv^er, believed 
that the product of j)hotolysis was a subhalide 
of silver, and that the latent image was formed 
of subhalido dispersed colloidally in unchanged 
silv^or halide (Amer. J. Sci. 1887, [iii], S3, 349). 
While the existence of a suhfiuoride of silver was 
later demonstrated by Giintz (Compt, rend. 
1890, 110, 1337), modern work with the mi<?ro- 
balaiice by Hartung (J.C.S. 1924,125, 2198) and 
with the X-ray diffraction cuiiiera by Koch 
and Vogler (Ann. Physik, 1925, [v], 77, 495) 
has shown conclusively that the product of 
photolysis of silver bromide and chloride on pro¬ 
longed exposure to light is metallic silver and 
atomic or molecular halogen. Observations with 
tho electron microscope, as also the spectral 
absorption of largo crystals in which a new 
absorption band has boon induced by exposure 
to light (Hilseh and Pohl, Z. Physik, 1930, 64, 
006) show that, in contradistinction to tho free 
metal which can be introduced into crystals of 
the alkali halides, and which is atomically 
dispersed, the silver making up tho visible image 
on light-discoloured silver halide crystals is 
dispersed as a limited number of small specks. 
By analogy there is every reason to believe that 
the latent imago produced by a brief exposure to 
light consists similarly of aggregates of metallic 
silver, though of much smaUer dimensions. The 
rest of this section, therefore, is devoted to ac¬ 
counts of the attempts made to prove this 
identity by indirect moans, and of tho currently 
accepted theory advanced to explain the primary 
action of light in producing such aggregates, 
together with the consequences of the theory 
which have been confirmed by exi)erimont. 

No direct method of analysis, nor any experi¬ 
ments with the electron microscope or with the 
X-ray diffraction camera, have succeeded in 
revealing tho presence of colloidal silver in silver 
halide grains which have received an exposure 
to light of tho order of that required to produce 
a latent photographic image. Development 
alone is able to reveal the latent image so that 
all the evidence regarding its distribution and 
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nature is necessarily indirect. With regard to 
its distribution, use has been made of an 
observation by Hodgson (J. Franklin Inst. 1917, 
184, 705), that if development was interrupted 
shortly before a visible image appeared, and the 
partially developed grains examined mth a high- 
power microscope, then black specks were visible 
in or on the grain, becoming larger the longer 
the time of development before inspection. 
They were evidently the points on the grain 
where develo]mient was initiated, and became 
known as development centres. Svedberg (Phot. 
J. 1922, 62, 310), found tliat the centres wcni 
distributed over the grains according to tfie laws 
of chance, and that no centres appeared inside 
the grains (even for tho*y-ray exposures which 
he used). Since a grain becomes completely 
developable if it contains only one centre, this 
was advanced as a reason for the finding that the 
large grains arc more sensitive than the smaller, 
as the probability that a centre will form is pro¬ 
portional to the surface area of the grain. Toy 
(Rhil. Mag. 1922, [viii], 44, 352) also found that 
the large grains were more sensitive than the 
small grains. A discussion which ensued as to 
whether the chance distribiit ion of development 
centres was due to the ( hance incidence of light 
Cjuanta was settled by Clark (Brit. J. Rhot. 1922, 
69, 462), who demonstrated a com])letc parallel¬ 
ism between the production of dcvelopability by 
light and by treatment with sodium arsenite 
solutions, the parallelism extending even to the 
topography of the distribution of the develop¬ 
ment centres on the edges and faces of the 
crystal. It wa^ suggested that the sites of the 
development centres were determined even 
before exposure by pre-existent sensitivity specks^ 
which either light or sodium arsenite changed 
into a form capable of catalysing development. 
Indirect experiments on the nature of the 
postulated sensitivity substance showed it to be 
much more resistant to chromic-acid solutions 
than was the latent image produced from it by 
exposing the silver halide crystal to light (Clark, 
Phot. J. 1924, 64, 91). This was a deduction from 
the experimental fact that the speed of the emul¬ 
sion after chromic-acid treatment was much 
lower in the case whore it had first had a pre- 
exposuro to light (to change the sensitivity sub¬ 
stance into latent image substance). Its nature, 
however, remained unknown. The modem ex¬ 
planation of these experimental facts is described 
below (p. 5596) when dealing with the Albert 
reversal. 

An identification of the sensitivity specks with 
the ultra-microscopic specks of silver sulphide 
presumably produced on the grains by the 
decomposition of the addition compound with 
impurity thioureas from the gelatin (p. 649c^) was 
made by Sheppard in 1925. With Trivelli and 
Wightman {ibid. 1927, 67, 281), he showed by 
successive photomicrographs the production of 
specks of silver sulphide on the grains of a 
photographic emulsion which had been bathed 
in 0-01% aUylthiourea solution and then treated 
w ith alkali. The sulphide specks were produced 
at the same points on the grains as first showed 
species of the jnolecular addition compound, a 
point confirmed by the work of Hudson (J. Amer. 
Chem. Soc. 1927, 49, 1814) on the macro scale 


with a fused mass of silver bromide suspended 
in aUylthiourea solution. The speckwise pro¬ 
duction of the addition compound was shown 
to be due to the autocatalytic nature of the 
reaction (Carrol and Hubbard, J. Res. Nat. Bur. 
Stand. 1934, 12, 329). 

The existence of development centres, and the 
postulated pre-existence of sensitivity specks at 
the same sites, still left unexplained the primary 
action of light. Indeed, a fundamental contra¬ 
diction emerged if the sensitivity specks were 
considered to play any direct part in the absorp¬ 
tion of light, since they could not be shown to 
have any infiuonce on the spectral sensitivity of 
the silver bromide. The number of develop¬ 
ment centres produced by exposures to three 
selected lines of the mercury arc spectrum (Toy 
and Edgerton, Phil. Mag. 1924, [viii], 48, 947) was 
found to correspond to that calculated from the 
spectral absorption of silver bromide; while 
plates from which the sensitivity specks had 
been removed chemicially were found to have 
precisely the same relative spectral sensitivity 
as before, a spectral sensitivity w'hich corre¬ 
sponded approximately with the spectral absor})- 
tion of gelatino-silver bromide (S. E. Sheppard, 
1925). Prom this it wais concluded that the 
light was absorbed b}^ and w'aa active in, the 
silver bromide crystal as a whole, but that 
the silver atoms reduced by the light were con¬ 
centrated by the sensitivity specks to yield the 
discrete latent image specks. This famous con¬ 
centration speck theory (kSheppard, Trivelli, 
and Loveland, J. Franklin Inst. 1925, 200, 51) 
has been placed on a sound theoretical basis by 
the development of the quantum mechanics of 
the crystal state in the succeeding 20 years. 
The mechanisms proposed in 1925 and the im- 
niccliatoly succeeding years w'cre merely in¬ 
genious speculations, none of which gained 
general acceptance. A new starting point for 
the problem of the latent imago followed from 
the treatment of the conduction of electricity in 
metals on the basis of the Formi-llirac statistics 
(Somraerfield, 1928; Bloch, 1928, 1930). This 
proved highly successful and led to the appli¬ 
cation of the same ideas to non-metaUic crystals 
in an effort to explain the properties of in¬ 
sulators and semi-conductors (Wilson, 1931). 
According to this picture of the crystal state, the 
electronic properties are to be ascribed to the 
crystal as a whole. A potential energy diagram 
can be drawn for a hypothetical one dimensional 
lattice of the ionic typo (such as silver bromide 
or potassium chloride) and appears as in Fig. 3. 
The discrete energy levels which alone can bo 
occupied by an electron in a single isolated atom 
are found to have been broadened into bands 
by the fact of the association of the atoms with 
their neighbours in a close periodically varying 
I potential lattice. Two atoms brought near to¬ 
gether are found, according to the equations of 
wave mechanics, to result in a splitting of each 
original discrete energy level into two closely 
adjacent levels, an effect due to the wave- 
mechanical probability of an electron jumping 
through the potential barrier between the 
adjacent atoms. In a crystal of N atoms 
arrayed together the multiplicity of the levels 
becomes A-fold and may be considered as con 
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iinuously distributed in distinct energy bands. 
Their power of accommodating electrons, how- 
(;ver, is limited to N times the number of 
electrons that could be accommodated in 
the corresponding discrete energy level of the 
isolated atom. Jf a band is completely full, the 
electrons in that band are unable to move under 
the influence of an applied electric field : if it is 
empty, it can contribute nothing to the con¬ 
ductivity. In the silver bromide crystal the 
association of the ions in the lattice is due to the 
transfer of the 5s valency electron of the silver 
atom to the vacancy in the Ap shell of the 
bromine atom. In the crystal as a whole, 
therefore, at the absolute zero of temperature, 
the energy band corrcKponding to the 5« level 
of the silver atoms is ejnpty, while the 4p energy 
band of the bromine lattice is comifletcly full. 
The crystal is an insulator. Electrons trans¬ 
ferred to the higher energy band by any mcians, 
heat or light, render the crystal conducting. 
Only light of suflicient quantum energy to raise 
an electron from the lower to the upj)er hand is 
capable of producing photoc'onductaiH^e. Tins 
accounts for the spectral absorption bands of the 
silver (and alkali) halides, their transparency. 


on the other hand, being due to the disallowed 
zones. In order to account for the permanent 
effects of radiation, however, it is necessary to 
assume (as was done by Wilson to explain the 
properties of semiconductors) the existence of 
traps, due to localised energy levels ab, cd, due 
either to the electron levels of impurity atoms or 
to irregularities in the lattice duo to minute 
cracks or discontinuities in the crystal, one 
special case of such dis(‘ontinuity being the outer 
faces of the crystal (I. Tamm, Physikal. Z, 
Sovietunion, 1932, 1, 722). These localised 
levels, if full, can’ furnish electrons into the 
upper conduction band by the aid of quanta of 
less energy than would be rcfpjired to raise 
electrons all the way from the lower band; if 
empty, they act as electron traps. Electrons 
moving in the conduction band fixll down the 
potential hill into the trap, and will be stable 
there unless lifted by thermal agitation or radia¬ 
tion of the right quantum energy into the con- 
<luction band again. 

''The coloration of aUcali halide crystals by 
ultra-violet light, as also the photographic latent 
image, was ascribed to this trapping of electrons 
in localised energy levels in the disallowed zones 


Energy 



Fig. 3. —Energy Diagram of Ionic Crystal of AgBr Type, showing Allowed and 

Disallowed Zones. 


of the crystal by Gurney in 1933 (Proc. Roy. Soc. 
1933, A, 141, 209). The idea was developed by 
Webb for the specific case of the silver bromide 
grain of the photographic emulsion (Phot. J. 
1937, 77, 142), but it was not until the insertion 
of the further idea of an electrolytic current suc¬ 
ceeding the primary photo-electric current 
(Gurney and Mott, Proc. Roy. Soc. 1938, A, 164, 
151) that the theoretical conceptions became 
adequate to explain the known facts. The 
modern theory, which has been described in 
detail by Berg (Trans. Faraday Soc. 1943, 39, 
115; Reports of Progress in Physics, 1948, 
12), may be summarised as follows. Light 
incident on the crystal is absorbed both in the 
absorption band of the pure halide and also in 
the long wave-length tail, found in most speci¬ 
mens of silver halide, duo to impurities and 
loosely bound ions at the surfaces of the crystal 
and at internal cracks and discontinuities in the 
lattice. The effect of each quantum absorbed 
is to transfer an electron from a bromine ion of 
the lattice into the conduction band, where it 
can move through the crystal at ordinary tem¬ 
peratures with a velocity of the order of 10’ cm. 
per sec, bn the macro scale this effect is 
appreciated as photo-conductivity. A propor¬ 


tion of the mobile electrons is trapped by the 
electrons falling into lower energy levels pro¬ 
vided by impurity specks, a role which can be 
taken by specks of colloidal silver or silver sul¬ 
phide. Suitable specks of the latter substance 
are present: they are the sensitivity specks of 
the preceding history. The speck thereupon 
becomes charged and attracts silver ions to it. 
These move through the crystal by virtue of its 
electrolytic conductivity, w^hich is due to (a) the 
movement of interstitial silver ions, which in 
silver bromide at room temperature can be 
shown to have a concentration of 10~® times that 
of the lattice ions; and (&), to the movement of 
holes, left in the structure by the movement 
of an ion into an interstitial position. The 
mechanism of (6) is a replacement, ions in 
neighbouring normal positions jumping into the 
hole, their places being filled in turn. The 
activation energy for this process is of the same 
order as that required for the movement of 
interstitial ions. (^==8,200 g.-cal. per g.-mol. for 
silver bromide.) This is dependent on tempera¬ 
ture but not on illumination. The neutralisa¬ 
tion of the charge allows further photo-electrons 
to fall into the trap, and the speck grows as long 
as the illumination continues. By this means 
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the concentration speck theory is provided with 
a mechanism. 

The properties of silver iialide which in com¬ 
bination make it the basis of the photographic 
process are therefore the long wave-length 
absorption “ tail,” which allows cflcctive light 
to penetrate into the depths of an emulsion; the 
])hoto-conductivity, which is an expression of 
the internal photo-electric effect, the basis of 
the w^holc process, and w'hich also allow's the 
action of light, absorbed over the whole crystal, 
to be concentrated in one part of it; and the 
electrolytic conductivity, which allows per¬ 
manent effects to result from the photo-electric; 
curremts. 

The above theory will obviously fail at the 
outset if the bromine atom which remains after 
the removal (»f an electron bj^ light into the 
conduction band is able to recombine with that 
electron either before or after it reaches the 
localised trap. A portion of tlie photo-electrons 
is undoubtedly lost by this process, but not all, 
since any bromine atom, in the course of its 
migration through the crystal by a process of 
successive electron jumps from ion to atom, has 
a high probability of either reaching the surface 
of the crystal and combining with the gelatin, 
or, if it remains stationary at any time for a 
jieriod of tlu; order of 10“® second, of polarising 
the surrounding lattice whereby it becomes 
trapped. The first probability is very high in 
any actual photographic emulsion. Most of the 
absorption of light is believed to take place at 
the surface of the grains (the interior being a 
nearly perfect lattice), so that the bromine is 
leleased very close to the gelatin which can 
absorb it. 

Since the publication of the paper by Gurney 
and Mott in 1938, experimental testing of the 
theory has taken two main directions, viz., 
separation of the effects of electronic and ionic 
conductivity by experiments at low' tempera¬ 
tures, and investigation of the topography of the 
distribution of latent image in the exposed silver 
halide grain. The low temperature experiments 
have involved a study of reciprocity failure, 
which is in effect a study of the relative efficiency 
of the utilisation of light energy at various 
intensities. A material which shows no re¬ 
ciprocity failure gives the same density for the 
same exposure, w'hatever the manner in wliich 
the factors intensity and time making up that 
exposure may reciprocally vary. At ordinary 
temperatures nearly all actual materials show 
reciprocity failure at both high and low in¬ 
tensities. Both at high and low intensity the 
material requires more energy to produce a given 
density than at some intermediate optimum 
intensity. Described in terms of the two-stage 
picture of latent image formation given by 
Gurney and Mott, high intensity failure is 
ascribed to the limited electric capacity of the 
sensitivity specks. The cloud of electrons 
released within the grain by the high intensity 
light cannot all be accommodated on the sensi¬ 
tivity specks at once, since the progressive 
neutralisation which enables a similar number 
of electrons to be accommodated at lower in¬ 
tensities no longer occurs fast enough due to the 
comparative slowness of the ionic movement. 


Only a portion of the electrons released, therefore, 
can be utilised, and only a portion of the light 
energy is effective. The experimental evidence 
suggests that the remaining photo-electrons are 
trapped in shallow traps in the interior of the 
grain, where specks of internal latent image are 
formed normally inaccessible to the developer. 
Other specks too small to initiate development, 
but which are nevertheless stable, are formed 
both in the interior and on the surface of the 
grains. These sub-image specks can be brought 
up to latent image size, and high intensity 
reciprocity failure eliminated, by a subsequent 
exposure to very weak light. The electrons 
released by this additional light are trapped in 
the sub-image specks and cause them to grow 
by the ionic addition of silver in the normal 
manner. 

At low temperatures the mechanism of the 
above high intensity exposures would be 
expected to be operative at all intensities, 
because of the failure of ions to neutralise traps 
charged up by the photo-electrons. Reciprocity 
failure is in fact found to disappear, because the 
distribution of the photo-electrons between 
internal and external traps and indeed the whole 
mechanism of latent imago formation, is similar 
for all intensities experimentally available. If 
the exposed material is kept at the low tempera¬ 
ture, which means that no ionic processes have 
succeeded on the electronic, the electrons can be 
lifted from the shallow' traps by red light and will 
then recombine with bromine atoms, and it is 
found that on warming up no latent image is 
formed. On the other hand, if the material is 
w'armed up without additional exposure to red 
light, the electrons are lifted out of the traps by 
the thermal energy, but since at the same time 
the ionic mobility increases also (varying with 
temperature as erElhT)^ the released electrons 
are able to fall into deeper traps, which by this 
time have lost their charge by the moving up of 
silver ions. The latent image thus formed in the 
deep traps cannot be bleached by red light at low 
temperatures. The immobilisation of the ionic 
processes at low temperatures is thus found to 
have the consequences required by the theory, 
namely, to prevent the action of light from having 
any permanent result. Permanent results come 
about only because of the fixation of the primary 
electronic action of light by the subsequent ionic 
process. 

Low intensity reciprocity failure is ascribed to 
the instability of the sub-image specks first 
formed. The electrons of a small speck are but 
loosely held, and may escape again, whereupon 
the silver ions left on the speck will move back 
again into the lattice into interstitial positions. 
Such recombined electrons, and the quanta of 
light which produced them, are therefore lost to 
the photographic process, A slightly greater 
rate of production of photo-electrons enables the 
sub-image speck to attain a stable size (cal¬ 
culated to be about half the size of a latent 
image speck capable of initiating development, 
Webb and Evans, Phot. J. 1940, 80, 188), and 
all light absorbed by the crystal thereafter is 
utilised efficiently in the building of a normal 
latent image. At higher intensities the growing 
specks quickly and efficiently attain the stable 
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size, accounting for the greater efficiency of light 
at the optimum. 

The practical importance of these facts can be 
demonstrated in various applications of photo¬ 
graphy. Thus the inefficiency of the very low 
intensity exposures common in astronomical 
photography can bo largely removed by a pre- 
exposure to high intensity light of such duration 
that only just stable sub-image spoclm are formed 
on the majority of grains. These grains yield 
no density on development, but nevertheless 
enable the subsequent dim light from the ex- 
jiosure proper to be efficiently utilised. As a 
(urious result of this phenomenon, star images 
allowed to trail on the plate show a ccjmet-shapcd 
track. At one end the dim light exiiosure (from 
the sky background) succeeds the exposure from 
the star image, and is efficiently utilised, at the 
other it precedes it and produces no permanent 
latent image. The density at the start of the 
tiail is therefore higher than at the end (Alter, 
Barber, and Edwards, Monthly Notices Roy. 
Astronom. Soc. 1940, 100, 529). Similarly, the 
efficiency of very short exposures at high in¬ 
tensity is increased by a post-exposure to dim 
light. The high intensity exposure produces 
largo quantities of latent-imago silver through¬ 
out the grains, which is not normally capable 
of initiating development. These specks are 
brought up by the post-exposure to latent- 
image size. In both these techniques of either 
pre- or post-exposure the intensifying cxi)osurc 
must bo made immediately before or im¬ 
mediately after the exposure proper, to avoid 
sub-image fading. 

These phenomena resulting from the two- 
stage nature of latent-imago formation have 
been invoked successfully to explain a number 
of curious photographic effects, long known but 
inadequately understood, viz., the Clay den 
effect, whereby a very high-intensity exposure 
desensitises the grains for a subsequent moderate- 
intensity exposure (giving “ black lightning ” in 
photographs of thunderstorms). This is due to 
internal sub-imago and latent-image specks 
formed by the high intensity light acting as com¬ 
petitive traps for the electrons released by the 
subsequent moderate exposure. This internal 
imago is not normally accessible to an ordinary 
developer, so that the surface traps, wffiich alone 
can initiate development, do not receive so 
many electrons as normally from an equal 
exposure. The Albert reversal, whereby grains 
given a heavy exposure and then treated with 
oxidising agents are found to be desensitised for 
a subsequent additional exposure, is a similar 
phenomenon. The oxidising agent destroys the 
surface latent-image, but does not touch the 
internal latent-image, which then acts as a 
competitor for the photo-electrons of the second 
exposure as in the Clayden effect above (G. W. W. 
Stevens, Phot. J. 1939, 79, 27). The Villard 
effect, in which exposure to X-rays desensitises 
the grains for subsequent exposure to light, is 
similarly explained as a special case of the 
Clayden effect. 

The mechanisms proposed above for the 
Clayden, Villard effects would be 

merely specxilative were it not for the develop¬ 
ment of techniques for distinguishing between 


surface and internal latent-image. Basing their 
work on ideas first applied by Kempf (Z. wiss. 
Phot. 1937, 36, 235), Berg, Marriage, and 
Stevens (J. Opt. Soc. Amor. 1941, 31, 386) 
devised methods for developing only grains 
which carried a surface latent-imago (by the 
use of a developer containing no silver halide 
solvent), and for developing only grains which 
carried an internal latent-image (by the use of 
a bleach which dissolved only the external latent- 
image, followed by a solvent-containing developer 
which gradually etched the surfat^e of the grains, 
and developed the remainder when a speck of 
internal latent-image was reached). Previous 
confusion in the study of these odd photographic 
effects has been largely cleared up by the use of 
these methods. Most commercial developers 
contain silver halide solvents and thus devolo]) 
grains with either external or internal images or 
both, if given time. When the images are dis¬ 
tinguished in this way, the density due to the 
internal latent-image is found to increase con¬ 
tinuously as the intensity factor 1 in the constant 
exposure ll increases, while the reverse is true 
for the surface latent-image. This is simply to 
say that high intensities favour the production of 
internal latent-imago, a result to be expected on 
the theory outlined above. 

In conclusion, it needs to be stated that many 
points of the above qualitative theory require to 
be put on a firm quantitative basis, while a 
number of riddles remain for which the explana¬ 
tion is obscure. The fate of the bromine, the 
exact significance of digestion, the mechanism of 
dye sensitisation, as yet are only partly under¬ 
stood. 

III. DEVELOPMENT OF THE LATENT 
IMAGE. 

Daguerre made the.epochal discovery (in 1835, 
although announcement was not made until 
1839) that a still invisible image formed by the 
action of light upon silver iodide could be trans¬ 
formed into a visible image by fuming the 
exposed material with mercury vapour. Some¬ 
what later (1840), the Rev. J. B. Reade and, 
independently, Fox Talbot, showed that the 
latent image produced by exposure of paper 
impregnated with silver chloride could be 
developed by brushing the paper with a mixture 
of gallic acid and silver nitrate. Russell (Brit. 
J. Phot. 1802, 9, 425) published the first account 
of development by an alkaline pyrogallol solu¬ 
tion—^the forerunner of the modern alkaline 
developer—and Berkeley {ibid. 1882, 29, 48) 
suggested the important addition of sodium 
sulphite. The majority of the developing agents 
used to-day were already known by the end of 
the nineteenth century, primarily through the 
work of Andresen, the brothers Lumiere, Abney, 
Eder, Toth, Hauff and Bogisch (c/. Stenger, 
“ History of Photography,” Mack Printing 6o., 
Easton, Pa., 1939). 

Modem photographic development is es¬ 
sentially an amplification of the latent-image 
material, brought about by a selective reduction 
of silver salt. The amplification generally 
amounts to several powers of ten. Two types 
of developing processes may be distinguished. 
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In the first type, the reduced silver is derived 
fiom the silver halide of the emulsion, and the 
process is termed (rather ambiguously) “ chemi¬ 
cal development.” In the second, the reduced 
silver is derived either wholly or in part from a 
soluble silver salt contained in the developing 
solution. This process is termed (incorrectly) 
“ physical development.” In the subsequent 
discussion the term “ development,” used alone, 
refers to the more common and important 
“ chemical development.” 

Development is essentiall}’^ a kinetic phenome¬ 
non. Although the conventional developer can 
reduce all the silver salt in the uriexposed areas 
of an emulsion if given sufficient time, reduction 
takes place more rapidly in the exposed areas. 
With a properly exposed emulsion of com¬ 
mercial quality, a good image can be developed 
ill a time which is too short to allow reduction 
of more than a small amount of the silver halide 
in the unexposed areas. The developed silver 
in the exposed regions may show morphological 
differences from that formed in the unexposed 
regions, but the time factor is still the primary 
one in development. 

The conventional alkaline developer contains 
{a) the developing agent proper, {b) sodium sul¬ 
phite or its equivalent, (c) an alkali (such as 
sodium hydroxide, carbonate, borate, or rneta- 
borate) to adjust and buffer the hydrogen ion 
activity, and {d) often potassium bromide to 
restrain fog formation (reduction of unexposed 
silver halide). Other additions may be made 
for special jiurposes. 

Several empirical correlations between the 
structure of a reducing agent and its ability to 
act as a doveloiung agent have been suggested. 
None includes all developing agents, but 
Kendall’s (IX Congr. Intern. Phot., Paris, 1935, 
227) is widely applicable. Kendall associates 
developer activity with the structural group, 
a.(C=C)„-6, where (C = C) is the vinyleno group¬ 
ing, n is zero or an integer, and a and b may be 
hydroxyl, amino-, or substituted amino-groups. 
The following examples illustrate the classifi¬ 
cation : 

M=0; Hydroxylamine, hydrogen peroxide, 
hydrazine. 

n==l; Catechol, pyrogallol, ascorbic acid, o- 
aminophenol, l-amino-2-hydroxynaphthalene-6- 
sulphonic acid (“ Eikonogen ”). 

71—2'. Hydro quinone, chlorhydroquinone, p~ 
aminophenol, monomethyl-p-aminophenol (the 
sulphate of which is known as ” Metol,'' “ Elon,'' 
etc.), p-hydroxyphenylglycine (glycin), 2:4- 
diaminophcnol (the hydrochloride is “ Amidol ”), 
^-phenylenediamine. 

?i=3: Hydroccerulignone. 

When the agents are aromatic compounds, a 
and b lie in ortho- or para-positions to each other. 
Various substituents may be introduced into the 
nuclei without destruction (although usually 
with some modification) of the developing 
properties. Among these substituents are: 
adcktional hydroxyl and amino-groups, alkyl 
and alkoxy-groups, halogen atoms, and the sul- 
phonic acid group. 

Exceptions to the Kendall classification in¬ 
clude sodium hydrosulphite, trioxymesitylene. 


and a group of agents characterised by a valence 
change of a metal during oxidation {cf. Rzym- 
kowski. Phot. Ind. 1941, 39, 497). Various 
ferro- and molybdo-comjffcx ions, such as the 
oxalates and malonates, are representative of the 
group, which includes the historically important 
“ ferrous oxalate, ” Fe(C 204 )j. Even a simple 
ferrous sulphate solution acts as a developer 
when a suspension of zinc dust or iron powder is 
maintained to reduce the ferric ion as it forms 
(Ammann-Brass, ibid. 1937, 36, 827). 

During development by the aromatic agents, 
oxidation products (quinones or quinone-imines) 
are formed which, if not quickly removed, often 
undergo subsequent reactions leading to the 
formation of highly coloured substances. Similar 
substances are formed in the aerial (oxygen) 
oxidation of the developing agents. Such 
coloured substances can seriously stain the 
photographic material. Sulphite in the de¬ 
veloper servos the dual ])urpose of preventing 
the formation of the staining material and of 
generally retarding the aerial oxidation of the 
developing agent. Both effects apparently are 
associated with the ability of the sulphite to 
react with a quinone or quinonc-imine in alkaline 
solution, forming a soluble and often colourless 
sulphonate. Thus, when hydroquinoiie reacts 
with silver bromide in the presence of sufficient 
sulphite, hydroquinone monosulphonate is 
formed in a reaction which can bo represented 
stoicheiometrically (Lehmann and Tausch, Phot. 
Korr. 1935, 71, 17) as follows : 



Reactions of many of the other aromatic 
developing agents follow a similar course when 
sulphite is present (Seyewetz and Sz 3 ^rason, Bull. 
Soc. chim. 1933, [iv], 53, 1260; 1934, [v], 1 , 
1506). When the developing agent reacts with 
oxygen, the quinone or quinone-i mine formed 
can act as a catalyst, and the inhibitor action of 
sulphite upon oxygen oxidation is due (at least 
in part) to the removal of the catalyst (James 
and Weissberger, J. Amer. Chem. Soc. 1939, 61, 
442). 

Mechanism of Development. —The silver 
halide grain acts as a unit in development, and 
the mechanism of development must be con¬ 
sidered in terms of the individual grain. The 
presence of one or more suitable latent-image 
centres in a given grain increases the initial rate 
at which the developing agent attacks the grain. 
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Rctluction of such a grain starts at one or more 
(liaorete spots (corresponding,presumably,to the 
latent-image eon ties) on the grain surface, and 
thence proceeds throughout the grain as an 
auto-acceloratod process. The silver formed 
acts as the accelerator. How largo a nucleus 
must be before its presence on the grain surface 
materially effects the start of reduction, and 
whether the silver atoms in that nucleus must 
be in some particular configuration, are questions 
still open to speculation. However, there is 
evidence that in the region of low exposure, the 
removal of one silver atom from an average 
latent-image centre will quite measurably 
decrease its effectiveness (Kornfeld and James, 
J. Opt. >Soc. Amcr. 1913, 33, 615). 

IMost investigators are in agreement that, in 
the absence of appreciable silver halide solvent 
action, the major portion of the development 
reaction ta,kes plac'O at or very near the interfatic 
bet ween the silver and the neighbouring silver 
halide. iJowever, there are diverse opinions as! 
to why the reduction occurs more readily at the 
interface tlian at any other portion of the grain 
surface. One assumption is that a transfer of 
elei'trons from developing agent to silver metal 
takes place more easily than to silver halide, 
and the silver acts primarily as an electrode. 
Bagclasar’yan (J, Phys. Chem. Russ. 1943, 17, 
336) assumes that tlui rate of reduction of silver 
ions at the interface is controlled by tho rate of 
transfer of (dcctrons from the developing agent 
to tho silver nucleus. His quantitative formu¬ 
lation, however, is in only partial agreement 
with the experimental results. Gurney and 
Mott assume that only interstitial silver ions 
arc reduced at tho supposed electrode, but 
serious objcc-tions to this view have been raised 
(c/. 8. E. Sheppard, “ Colloid Chemistry,” edited 
by J. Alexander, Reinhold Publ. Co., New York, 
1944, Vol. V, p. 472; James and Kornfold, 
Chem. Rev. 1942, 30, 1). 

Several investigators have treated develop¬ 
ment as a matter of heterogeneous catalysis 
(Sheppard and Meyer, J. Amer. Chem. Soc. 
1920, 42, 689; Volmer, Z. wiss. Phot. 1921, 20, 
189; Rabinovich, ibid. 1934, 33, 94 ; James and 
Kornfeld, l.c.). Sheppard and Meyer suggested 
that the silver facilitates tho decomposition of 
an adsorption complex formed between develop¬ 
ing agent and silver ions. Rabinovich believed 
that adsorption of tho developing agent to silver 
is of primary importance, but his supporting 
experimental evidence is unconvincing because 
of the large experimental error involved (Shep¬ 
pard, op. ciL). Kinetic studies of the reduction 
of silver ions from solution in the presence of 
colloidal silver do indicate adsorption of hydr- 
oxylamine and ^-phenylenediamine, but do not 
indicate adsorption of hydroquinone. 

The rate of reduction of silver ions from solu¬ 
tion by hydroquinone and hydroxylamine varies 
with a fractional power of tho silver-ion con¬ 
centration when colloidal silver is present as 
catalyst (James and Kornfeld, he.), and James 
suggested that adsorption of the silver ions to 
the silver permits the reaction to proceed with 
less energy of activation. Results obtained in a 
study of the reduction of silver halides, both 
gelatin-free and in the presence of gelatin, sup- 
VOL. IX.—36 


port this view. Satisfactory measurements of 
the activation energies involved have not been 
made, but the tonqjcrature coefficients which 
have been determined are considerably smaller 
for the catalysed than for the uncatalysod re¬ 
actions, and the oxidation liroduct is even 
different for the two reactions in tho case of 
hydroxylamine (James, J. Amer. Chem. Soc. 
1942, 64, 731). Agents which apparently reduce 
silver ions directly with little or no energy of 
activation (e.gf., sodium stannito, desylamhie) 
arc not developers. 

Tho precise course of development may be 
modified by the presence of a silver halide sol¬ 
vent in tho developer. (Even sodium sulphite 
exerts sufficient solvent action to be of import¬ 
ance in many cases.) If some of the silver halide 
passes into solution before it is reduced, silver 
ions from the solution may subsequently con¬ 
tribute to development by being reduced at the 
silver nuclei of the developing grains. If con¬ 
ditions are such that this process takes place to 
any very large extent, the form of the silver 
deposit and the rate of development may be 
changed {of. section on “ fine grain ” develoj)- 
ment, p. 5636). 

Tlie electrical environment surrounding the 
silver halide grains is of some importance in 
determining the course of development. Excess 
halide ions are adsorbed to the halide grains, 
producing an excess negative charge on the sur¬ 
face. Many of the developing agents are active 
only in tho form of negative ions, and the charge 
at the grain surfiico acts as a barrier to the 
approach of the developer ions. The barrier is 
probably weakened in tho vicinity of tho latent- 
image nuclei (do Langhe, Z. wiss. Phot. 1936, 35, 
201), so that the ions approach the surface more 
readily at those spots. This charge effect cannot 
be the primary reason for the differential action 
of developers, however, since many good develop¬ 
ing agents are known to act in the form of 
neutral molecules. The most important effect 
of charge barriers (from both bromide ions and 
gelatin) is upon the kinetics of development by 
ionic agents. 

The appearance of tho developed silver may 
vary considerably with the conditions of develop¬ 
ment and with the nature of the original grain. 
However, electron micrograms of partly and 
completely developed grains show that the silvcir 
obtained in normal development has an irregular 
and filamentary fine structure (Ardenne, Z. 
angow. Phot. 1940, 2, 14; Hall and Schoen, 
J. Opt. Soc. Amer. 1941, 31, 281). Extremely 
small grains, such as those of tho Lippmanu 
emulsion, often are converted into single, thin 
filaments which in length may exceed by several 
times the diameter of tho original grain. The 
filaments formed in development appear to bo 
silver crystals which have grown chiefly in one 
dimension (Jelley, J. Phot. Soc. Amer. 1942, 8, 
283). ]\Iigration of the newly reduced silver 
atoms along the silver surface is probably in¬ 
volved in the formation of such crystals (James, 
J. Chem. Physics, 1943, 11, 338; Berg, Trans. 
Faraday Soc, 1943, 89, 115). 

Kinetics of Development.— Meidinger, in an 
investigation of the development of (atypical) in¬ 
dividual silver bromide grains in a metol-hydro- 
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quinone solution (Pliysikal. Z. 1935, 36, 312), 
found that: the rate of initiation of dovelop- 
nient, ki, increaHcd with increasing light exposure 
in the normal exposure region and decreased in 
the solarisation region; the rate of continuation 
of development throughout the grain, was 
independent of exposure; both rates decreased 
with increasing bromide ion concentration, but 
the decrease in ki was relatively much greater 
than in kc at low bromide concentrations; both 
rates increased with increasing pH and developer 
concentration. Rabinovich, Bogoyavlenski, and 
Zuev (Acta Physicochim, U.R.S.S. 1942, 16, 
307) found that the radius of the visible darken¬ 
ing area varied exponentially with time of 
development in a hydro (quinone solution, i.e.. 

Under certain limited conditions, the kinetics 
of development of a single grain are sub¬ 
stantially those of development of the entire 
group, i.e.y of gross development of the emul¬ 
sion. This is true for a simple, heavily exposed 
motion-picture positive film developed in a sul¬ 
phite-free hydroquLnone solution of pH 8-9 
{James, J. Physical Chem. 1940, 44, 42). The 
development rate varies approximately as the 
square root of the concentration of the bivalent 
ion (the actual developing agent), suggesting 
adsorption of that ion prior to reaction. The 
evidence is against adsorption to silver, so 
the adsorbent probably is the silver halide or 
the interface. 

In the more general case, the rate of develop¬ 
ment measured by the growth of density or 
gamma (defined in Section V, p. 668a) is often 
a complex quantity. The change in density as 
devolopn)ent progresses may result primarily 
from a change in the size of the particles of 
developed silver, from a change in the nuivher 
(jf developed grains, or from a mixture of both. 
Usually, it is impossible from the published data 
to interpret the gross rate of development 
quantitatively in terms of the individual grains. 
I'his is true for most of the residts reported in 
subsequent paragraphs, where .only gross rates 
are available. 

The kinetics of gross development may vary 
with the nature and amount of exposure, and 
with the nature of the photographic material 
itself. In rapid development, where diffusion 
rates arc of importance, the rate of development 
increases with increasing agitation (Ives and 
Jensen, J. Soc. Mot. Piet. Eng. 1943, 40, 107), 
and the tendency towards unevenness, such as 
streaking, decreases. Wetting agents are some¬ 
times of use in promoting more uniform develop¬ 
ment. Increase in the concentration of the 
developing agent produces an increase in the 
rate of development, provided pH is kept con¬ 
stant. Increase in pH usually produces an 
increase in rate (the ferro-oxalate type of 
developer is an obvious exception). Some 
developers are much more sensitive to changes 
in pH than others, and the agents vary con¬ 
siderably as to the pH range useful under 
practical conditions (Reinders and Beukers, Ber. i 
VIII Int. Kongr. Phot., Dresden, 1931, 171; j 
Burki and Ostwalt, Helv. Chim. Acta, 1939, 22, 
30), Among the agents containing hydroxyl 
groups, the effect of pH is associated primarily 


with the ionisation of those groups. The ions 
are the active developing agents, and a change 
in pH changes the efiective concentration. The 
dependence of rate upon pH for solutions coii- 
j taining p-phenylenediamine derivatives is less 
I clearly understood. It has been demonstrated, 
how^ovor, that the oxidation products of these 
agents retard development, and posvsibly an 
increase in pH accelerates development simply 
by increasing the rate of removal of the oxidation 
products (James, J. Physical Chem. 1939, 43, 
701). 

Bromide decreases the rate, of development, 
and the effect, especially among the charged 
agents, is more pronounced at low exposures 
than at high. Small amounts of bromide 
(0*05 M. or less) usually decrease the rate of fog 
formation to a greater extent than the rate of 
image development, and bromide is used as a 
“ fog-restrainer ” for this reason. High con¬ 
centrations of bromide, particularly when used 
in high-activity develoi)ers, may actually in¬ 
crease fog formation, however, presumably 
because of the solvent action upon the silver 
bromide. Certain organic substances, su(‘h as 
6-nitrdbenzimidazole and benzotriazole, arc also 
useful as fog rostrainers under certain conditions 
(Trivelli and Jensen, J. Franklin Inst. 1930, 210, 
287; 1931,212,155). 

The effect of t he bromide charge-barrier upon 
the kinetics of development is iironounccd in the 
early stages of the j)rocess. The existence of an 
induction period has been explained on the basis 
of a localised decrease in the relative magnitude 
of the bromide barrier as development proceeds 
(James, l.c.). The decrease in the barrier results 
in an increase in the percentage of devfdoper 
ions which possess sufficient kinetic energy to 
penetrate the barrier and reacli the reaction site. 
The duration of the induction period is in¬ 
creased relative to that of the later stages of 
develox^ment by an increase either in the charge 
of the developing agent or in the initial magni¬ 
tude of the bromide barrier. 

The rate of development increases with the 
temperature of the solution, but excessive 
softening of the gelatin imposes an upper limit 
on the temperatures wdiich can be used in 
practical development. The temperature co¬ 
efficient depends upon the nature of the develop¬ 
ing agent, the composition of the solution, and 
often the nature of the emulsion. The co¬ 
efficient for commercial developers often 
decreases with increasing pH (Burki and Jenny, 
Helv. Chim. Acta, 1943, 26, 2264) and increases 
with increasing bromide ion concentration. 

Frequently, two developing agents may bo 
used to advantage in the same solution. The 
commonly employed metol-hydroquinone de¬ 
veloper combines desirable features of each 
component. The metol starts the development 
of the individual grains, and the hydroquinono 
plays a more prominent part in the later stages. 
The flexibility of the combination is so great 
that it has been used in developers designed for 
practically every requirement within the scope 
of black and white photography. The rate of 
development by the combination is generally 
greater than would be predicted from a simple 
addition of the individual rates. This non- 
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additiv^e property is associated with the charge 
effect (James, J. j*hot. 8oc. Amer. 1943, 9, 
62). 

With repeated use, a developer gradually loses 
its activity. The concentration of developing 
agent decreases, the pH generally decreases, and 
halide ion accumulates. Aeration of a hydro- 
quinono developer will tend to increase the pH 
(Crabtree and Schwingel, J. Soc. Mot. Piet. Eng. 
1940, 34, 376), but in practice tliis seldom suffices 
to offset the decrease which accompanies reaction 
with silver halide. If the activity of the 
developer is to be maintained at a constant level, 
a repleiiisher must bo added as needed. The 
composition of the replcnisher and the rate of 
addition to the developer depend upon the 
developer itself and the conditions under which 
it is being used (c/. Evans, ibid. 1938, 81, 273). 

Physical Development.—Physical develop¬ 
ment in its simplest form follows the fixation 
process. The silver halide is first dissolved 
(fixed) out in alkaline thiosulphate solution or 
in some other solvent which wull not seriously 
attack the latent image during fixation. The 
image is then developed in a solution consisting 
of a reducing agent, a soluble silver salt, and 
certain substances which act to maintain the 
proper silver and hydrogen-ion activities. With¬ 
in certain limits, the mass of developed silver is 
proportional to the niuriber of suitable latent 
image centres (Arens and Eggert, Z. Elektro- 
chern. 1929, 35, 728; Arons, Z. wiss. Phot. 1932, 
31, 68). The mechanism is probably that of a 
catalysed reduction of silver ions at the silver 
nuclei. The term “ physical ” development is 
definitely a misnomer. 

In a modified form (pro-fixation physical 
development) the silver halide is not dissolved 
out first, but the developing solution contains a 
strong silver-hahdo solvent which dissolves the 
halide as development proceeds (c/. Odell, Brit. 
J. Phot. 1933, 80, 286, 303). Both the silver 
halide and the silver salt originally present in the 
developer contribute to the final image. 

“ Fine-grain ’* Development.—“Graini¬ 
ness ” refers to the observer’s visual impression 
of non-uniformity of the photographic deposit. 
p-Phenylenodiamine is the outstanding develop¬ 
ing agent wliioh yields low graininess {i.e., fine- 
grain). The strong solvent action of the diamine 
is undoubtedly of importance in this effect. 
Many pomts of similarity with physical develop¬ 
ment (which generalljr gives low graininess) are 
observed, and electron micrograms of the silver 
formed in the two cases show a similarity in 
structure of the developed grain, with no evi¬ 
dence of filament formation in either. 

In the case of other developing agents, fine- 
grain is largely a function of the composition of 
the developing solution. Solutions having low 
or moderate rates of development often give 
reduced graininess when certain silver halide 
solvents are present (although the results 
obtained may vary markedly with the emulsion 
employed). Useful solvents include sodium sul¬ 
phite (in large amounts), certain organic amines 
(e.gr., m-phenvlenediamine), and potassium or 
ammonium thiocyanate. In all cases where a 
decrease is produced, however, it is achieved only 
at a sacrifice in effective emulsion speed. 


Reversal.—Reversal development is a method 
of obtaining a positive imago on the same film 
as that used for the original exposure. The first 
step consists in developing the negative imago 
fully. The film is then washed briefly and trans¬ 
ferred without fixing to an acidic potassium 
permanganate or dichromate bath where the 
devoloj)ed silver is dissolved out. A clearing 
bath, usually containing sodium bisulphite, is 
used to remove the bleaching agent and reaction 
products, and the remaining silver halide is then 
exposed and developed to give the positive. As 
a means of rectifying faulty camera-exposures, 
the amount of exposure prior to the second 
development is usually controlled. Thus, if the 
film were underexposed in the camera, too much 
silver halide remains after the first development. 
Compensation is effected by using a small 
secondary exposure, so that only a portion of the 
silver halide remaining will bo reduced during 
the second development. An alternative method 
of compensation depends upon varying the time 
of immersion in a primary developer which con¬ 
tains a small quantity of thiosulphate or other 
strong silver-halide solvent. If the camera ex¬ 
posure were too small, a portion of the un¬ 
developed silver halide can be dissolved out by 
a long immersion in the primary developer, thus 
decreasing the amount available for secondary 
development. In some cases of reversal develop¬ 
ment, it is desirable to eliminate the necessity of 
a secondary exposure, and this can bo accom- 
pUshod by using a highly-fogging developer or a 
non-selectivo reducer for the second “ develop¬ 
ment.” 

Reversal development is often used in pro¬ 
cessing amateur sub-standard motion-pictiire 
film. Only one film is required instead of the 
two demanded by the normal negative-positive 
process. In addition, somewhat lower graini- 
noss may bo obtained because the larger, more 
sensitive grains are eliminated during the 
primary development and bleaching. 

IV. THE FIXATION AND PERMANENCE 
OF PHOTOGRAPHS. 

The primary action of the fixing bath is to 
remove the silver halide unchanged by the 
developer. It thus “ fixes ” the imago and 
the record is stable on further exposure of the 
material to light. While a number of agents 
have been used for this puqjose in the history 
of the art, modem commercial practice relies 
almost exclusively on solutions of sodium thio¬ 
sulphate. This reagent is cheap, non-poisonous, 
and readily made up into fixing baths. The 
action is duo to the formation of soluble complex 
ions with the silver ions of the silver halide. The 
complex ion has a very low dissociation factor, 
and consequently the silver ions which result 
from the slight solubility of the silver halide are 
removed from the field as fast as they are formed. 
The silver halide therefore goes on dissolving 
since the product of the silver and halogen ion 
concentrations never roaches its solubility 
product. 

The nature of the salts of argentothiosulphuric 
acid formed in a fixing bath has been the subject 
of a number of investigations. Bassett and 
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Lemon (J.C.S. 1933, 1423) showed that only the 
following salts exist in contact with solutions of 
suitable composition: 

(a) NagAg( 8203 ) 2 , 2 HgO, readily soluble in 
water; (b) N a5Ag3(S20g)4,2 H 2 O, readily sol¬ 
uble; (c) NaAgSgOgjHgO, sparingly soluble; 
and {d) NaAg 3 (S 203 ) 2 ,H 20 , very slightly 
soluble. There is ovidoiico that in solution the 
alcove compounds yield only the negative ions 
Ag(S 203)2 , and Ag(S 263)3 . 

In addition to dissolving the unchanged silver 
lialide, the fixing bath must allow the silver 
coniplcxes to be washed out of the material 
without decomposition on dilution, must not 
appreciably attack the image of finely divided 
silver, and must tolerate rvithout adverse eflects 
the addition of develo})er absorbed in and on the 
photographic material placed in it. It is further 
desirable that development should be instantly 
arrested on placing the material in the bath. 
This avoids patches of extra development at 
places where the access of the fixing bath is 
partly obstructed by local contacts with the 
walls of the vessel or the surfaces of other photo¬ 
graphs, and prevents stains due to the continued 
reduction of silver aftiw it has gone into solution 
in the bath, or to oxidised dcvelopci- itself. 
Practical considerations as to the speed of fixa¬ 
tion, the life of the batli, and its stability on 
storage with or without use must also be met. 
The incorporation of an agent which hardens 
the emulsion is also often of the greatest practical 
utility. 

The various acid and acid-hardening fixing 
baths now in general use have resulted from 
attempts to meet these requirements. No 
special means are needed to avoid decomposition 
of the silver complexes on washing; it is a for¬ 
tunate circumstance that the silvcr-thiosulphatc 
complexes are removable by w'atcr without any 
precipitation. Some attack on the finely divided 
silver does occur, but is of no practical im¬ 
portance in ordinary photography except in 
strongly acid baths, containing from 5-10% of 
sodium thiosulphate, in the y)reacnce of air. To 
stop continued action of the developer the bath 
is made acid. As the thiosulphate is unstable 
in the presence of acids, depositing sulphur, the 
bath can only be given an acid reaction by the 
simultaneous addition of a weak acid, such as 
acetic, and a sulphite. According to the work 
of Bassett and Durant (ibid. 1927, 1401), thio- 
sulpHuric acid, in the range of acidity en¬ 
countered in fixing baths, decomposes in two 
ways, according to the equations; 

2H2S203;-2H2S03-hS2 . (1) 

and 

2H2S2O3 ^ HgSd- HgSgOj . (2) 

Both these reactions tend to go from left to right 
in acid solutions, but ( 1 ) proceeds much faster 
than ( 2 ). The trithionate product of ( 2 ), how¬ 
ever, can react with the sulphur to form tetra- 
thionate and pentathionate. The added sul¬ 
phite acts by shifting the equilibrium of the 
reaction ( 1 ) from right to left, thus allowing the 
products of the slower reaction ( 2 ) to react with 
the sulphur formed, thus keeping its concentra¬ 
tion below the precipitation limit, for the neces¬ 
sary length of time. 


It is evident, however, that the above balance 
will only be maintained within a certain pH 
range. If the bath is made too acid, no practic¬ 
able addition of sulphite will prevent its early 
sulphurisation. On the other hand, the bath 
must be acid enough to stop development. The 
limits thus set to the pH range may be further 
narrowed by the requirements of some other 
ingredient, such as alum, added for hardening 
purposes. For economic reasons this narrow pH 
range must be nevertheless accompanied by a 
large reserve of total acidity, or the bath will bo 
neutralised by the developer carried over on the 
photographic material long before its fixing 
powers are exhausted. 

These conditions are mot by ensuring that the 
solution has a very considerable buffer action, 
in practice the lower limit of pH is sot by the 
tendency of the bath to precipitate sulphur and 
this is kept under control by the use of a weak 
acid, such as acetic, while the upper limit is 
determined by the disapjiearance of the harden¬ 
ing properties of the added alum or the onset of 
“ sludge,” a gelatinous precipitate of hydrated 
aluminium sulphite. To avoid these adverse 
effects of neutralisation by develox^er it was at 
one time the practice, in large (lommercial 
establishments, to revive the fixing bath 
periodically by the addition of further acetic 
acid, so as to maintain its pi I always below 
4-8. In a bath with an addition of boric acid, 
however, the pH may rise to fi-5 before hardening 
becomes insufficient and to 8-0 before sludging 
sets in (H. D. Russell and J. J. Crabtree, J. !Soc. 
Mot. Piet. Eng. 1933, 21, 137). The improve- 
nuuit is due to the formation of a complex co¬ 
ordination compound between the boric acid, 
the acetic acid, and the aluminium. Such baths 
can bo worked until discarded for failure to fix 
(without revival with acid). Baths with chrome 
alum as hardening agent require to be revived 
periodically with suljihuric acid and lose their 
hardening jiroperties on storage with or witliout 
use. 

The speed of fixation is found to increase up 
to a sodium thiosulphate (” hypo ”) concentra¬ 
tion of 30-40%. It varies markedly with the 
grain size and iodide content of the emulsion, 
being greater if these are small, and is much 
increased by agitation and by rise of tempera¬ 
ture. As the bath is exhausted the rate of fixing 
falls off due to consumption of hypo, dilution 
with water carried in with the material, and ac¬ 
cumulation of dissolved silver. In practice the 
bath is usually discarded as too slow before the 
silver has accumulated to such a degree as to 
endanger the whites of the image (on negative 
materials) by subsequent breakdown of retained 
silver complexes. The use of ammonium thio¬ 
sulphate, or the addition of ammonium salts to 
the bath, gives quicker fixation. 

In a fresh bath fixation is complete (in the 
sense that all the unreduced silver can be 
removed from the material by water alone), 
when the visible turbidity due to undissolved 
silver halide has disappeared. With partially 
exhausted baths there is an apparent mordanting 
of complex silver-bearing ions by the gelatin 
requiring much longer immersion or preferably 
a second fresh bath to ensure their complete 
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removal by water. In the case of paper prints 
particularly, this mordanting to the gelatin, 
baryta coat and paper fibres may lead to stained 
whites after keeping and the practice of passing 
prints to a second fresh bath aids materially in 
ensuring the complete removal of silver salts in 
the wash water. 

Washing. 

In order to ensure permanence of untoned 
silv^er images, washing must be complete. In its 
absence, th6 silver image is slowly transformed 
into an unpleasant yellow-brown image of silver 
sulphide, while the high-lights become stained 
by the breakdown of the argentothiosulphates 
to silver sulphide. Ideal washing, in which the 
flow of water over the face of an emulsion is 
sufficient to remove the thiosulphate ions as fast 
as they escape from the gelatin, will reduce the 
thiosulphate concentration of materials on im¬ 
permeable supports to a sufficiently low level 
in some 6 minutes. Practical washing apparatus, 
in which the hypo cannot be considered to be 
diffusing from the gelatin into clean water, 
requires longer times depending on the design of 
the apparatus. Provided that the design is such 
that the volume of the wash water is the least 
necessary to cover the materials, and that it is 
changed frequently by complete draining and 
refilling, or by vigorous continuous flow, washing 
of materials on impermeable supports at tem¬ 
peratures of lG-2Pc. is complete in some 80 
minutes. Elimination of hypo is favoured by 
increased temperatures, and is somewhat more 
rapid from films and plates fixed in a non- 
hardening fixing bath, particularly at pH values 
below 5 (Crabtree, Eaton, and Muehler, ibid. 
1043, 41, 9). The use of these last two ex-j 
podients is limited by the danger of excessive 
swelling and reticulation. Sea water will remove 
the hypo faster than fresh, while the addition of 
ammonia to the wash water, or as a preliminary 
bath. Will reduce the time of washing by 50%. 

The complete washing of paper prints is both 
more difficult and more important. The fine¬ 
grained image is much more susceptible to 
fading, while the paper and the baryta coat 
retain small amounts of thiosulphate with great 
tenacity. Even washing times of 20 hours do 
not remove all the hypo, leaving quantities 
sufficient to cause fading under conditions of 
high humidity and temperature, as in the tropics. 
For the utmost permanence, therefore, the last 
traces of hypo must be removed by a chemical 
bath. Alkalis alone, by bringing the amphoteric 
colloids of the paper to the alkaline side of their 
isoelectric points, are sufficient if sufficiently 
applied {e.g., 0-3% ammonia applied for 45 
minutes). Faster treatment is attained by the 
simultaneous use of hydrogen peroxide, which 
in the alkaline environment oxidises the thio¬ 
sulphate completely to sulphate (Crabtree, 
Eaton, and Muehler, Phot. J. 1940, 80, 458). 
Even prints so treated are liable to fade owing 
to the action of hydrogen sulphide in the 
atmosphere. This action can be greatly reduced 
by varnishing the surface of the print or better 
by superficial plating of the silver grains with 
gold in a gold toning bath, or both. 

For the ordinary prints of commerce the 


reduction of the residual hypo to 0*002 mg. per 
sq. in. for chloride papers, and to 0*02 mg. per 
sq. in. for chlorobromide papers, is sufficient to 
cater for their usually ephemeral interest. This 
can be achieved without the use of hypo elimi¬ 
nators. In commercial practice, it is easy to 
recontaminate prints after the use of hypo 
eliminators, leading eventually to patchy fading 
more obnoxious than the uniform fading it was 
desired to prevent. 

Another solution to the problem of per¬ 
manence is to tone the silver image to silver 
sulphide, solenide, or telluride in an appropriate 
toning bath. The direct method of sulphide 
toning most used is known as “ hypo-alum ” 
toning. It depends upon toning by colloidal 
sulphur produced in a warm bath of a solution 
of sodium thiosulphate and alum. It tends to 
give purple tones on bromide papers. Warmer 
tones are obtained by the indirect methods, in 
which the silver imago is first bleached to a silver 
halide image, usually wuth a bath of potassium 
ferricyanide and potassium bromide, and after 
w'ashing toned to the sulphide by immersion of 
the print in a dilute solution of alkali metal 
sulphide. Alternatively a solution containing 
thiourea (0*1%) and caustic soda (0*4%) tones 
the image to sulphide at a slower rate but the 
bath has the merit of being odoui'less. Selenium 
toning is usually effected in a bath of scleno- 
sulphate prepared by dissolving powdered 
selenium in solutions of the alkali metal sul¬ 
phites, while tellurium is used in the form of a 
sulphotellurito made by fusing tellurium with 
alkali metal sulphides. The dark brown images 
produced by proper handling of these toning 
processes arc popular in their own right and 
have the added advantage of being extremely 
permanent, so much so, indeed, tlmt sulphide 
toning is often the siinjilest way of conferring 
permanence on prints. 

Methods .of producing coloured images by pre¬ 
cipitation of coloured metallic salts in the gelatin 
by the agency of the silver image are legion. A 
solution will tone if it oxidises the silver image 
by means of an ingredient which when reduced 
reacts in situ with a metal ion also present to 
yield a coloured insoluble salt. The most usual 
oxidising agent is potassium ferricyanide, whi(.*h 
! when reduced to ferrocyanide precipitates a 
coloured metallic ferrocyanide imagewise, e.g., 
red and brown from copper, blue from iron, 
brown and red from uranium. The higher com¬ 
pounds of vanadium and molybdenum can func¬ 
tion both as oxidisor and as source of metal ion; 
they are reduced by the silver to the lower in¬ 
soluble coloured form. Coloured images made 
by transforming the silver image to a form in 
which it can mordant dyes have also been ex¬ 
tensively used, chiefly for pictures on trans¬ 
parent waterproof supports (motion and still 
pictures for projection). Weak images of silver 
iodide; silver, copper, and uranium ferro- and 
ferricyanides; silver sulphide; lead, tin, cobalt, 
and chromium salts, have all been used to 
mordant dyes. In many cases if the gelatin is 
treated with tannic acid the mordant can be 
withdrawn by a chemical bath without undue 
diffusion of the dye image. 

Images composed of metallic ferrocyanides 



566 


PHOTOGRAPHY. 


suffer from ready solubility in alkaline solutions 
and waters and cannot be regarded as per¬ 
manent. The dyes used in mordanting processes 
are usually basic dyes and suffer from the 
relative lack of fastness of such dyes to light. 
Only the sulphide, sclenido, telluride, gold and 
platinum toning processes can be regarded as 
making a real contribution to the problem of 
permanence. 

V. QUANTITATIVE RESPONSE OF 
PHOTOGRAPHIC MATERIAL TO LIGHT. 

The quantitative response of photographic 
materials to light is the main study of that 
branch of photographic science known as sensito- 
metry. Originally developed as a means of 
measuring the sensitivity of photographic 
materials in response to the acute practical 
need of photographers desiring to judge their 
exposures, the modern science is concerned not 
only with the relative and absolute sensitivity 
of photographic materials to radiant energy of 
various kinds, but includes the study of the 
effect of the development, and of after-processes 
such as intensification and rediiction, on the 
whole relation between the imago finally pro¬ 
duced on the material and the intensity, dura¬ 
tion, and quality of the radiation that produced 
it. Its results, combined with those of the 
sciences of vision, are applied directly to the 
study of the fidelity of tone reproduction of 
the photographic process as a whole, providing 
by their detailed analysis of the various factors in 
operation the means for steady improvement. 
Asa practical tool in the large-scale manufacture 
and use of photographic materials, sensitomotry 
is indispensable, while its place as a foundation 
study in scientific research on the photographic 
process and in the use of photography as a 
scientific instrument will have been evident from 
the preceding pages. 

Precision sensitomotry requires therefore a 
steady light-source reproducible to specification, 
means of making a graduated series of exposures 
to that light, a method of development under 
standard conditions, and a means of measuring 
the deposit produced by the previous steps. 
Both the nature of these means and the inter¬ 
pretation of the results depends on the objects 
of the study. Certain broad applications of 
sensitomotry are of wide interest (e.gr., the 
determination of the speeds of negative materials) 
and appropriate specifications for some or all of 
the above essential requirements have been laid 
down in national (e.gr., the German DIN system, 
1931) or international agreements. Others are 
the subject of scientific study with a view to 
ultimate international agreement. Thus the 
Seventh International Congress of Photography, 
1928, agreed on the specification of the inter¬ 
national unit of photographic intensity, which 
is defined as one visual candle-power of radiation 
of the quality emitted by a tungsten electric 
source operating at 2,360 ®k. screened by a liquid 
Davis-Gibson filter made up to a precise specifi¬ 
cation. This source and filter combination 
duplicates very closely the spectral quality of 
mean noon sunlight at the earth’s surface. 
Sources of different spectral quality are con¬ 


siderably used in photography (e.^., the arc 
lamps used in photomechanical work, the 
fluorescent screens of medical and industrial 
radiography), and the manufacturers of materials 
for these applications may find it necessary to 
test them with artificial sources of the same 
spectral quality, but such sources have not been 
made the subject of international agreement. 

The modulation of the exposure to light from 
the agreed or standardised source is effected in 
a sensitometer, which is a precision instrument 
for controlling the intensity or time’of exposure 
in a known and regular manner from one end to 
the other of a strip of the material under tost. 
Descriptions of instruments have appeared in 
comprehensive reviews (C. E. K. Mees, “ Theory 
of the Photographic Process,” Macmillan, 1942, 
p. 607; Davies, Phot. J. 1944, 84, 185), and are 
out of place here. Suffice it to say that two 
main divisions exist, depending on whether the 
design effects control by varying the time or the 
intensity of exposure. Given a steady light 
source, a time-scale sensitometer is easier to 
build to high precision and consequently the 
early sensitometers (such as that of the pioneers 
of scientific sensitometry, Himter and Driffield 
(J.S.C.I. 1890, 9, 455)) were time-scale instru¬ 
ments. Most actual applications of photo¬ 
graphy, however, result in the exposure of the 
photographic material to a pattern of light and 
shadow for a constant time, so that the effects of 
reciprocity failure (Section II, p. 5586) make it 
necessary for the materials to bo tested in an 
intensity-scale instniracr^, and moreover for 
exposure times of the same order as that used in 
the appropriate application, e.g., l/50th second 
for amateur * negative materials; 1/20,000th 
second for sound-recording films. The design of 
in tensity-scale sensitometers with the necessary 
range of some 10,000 to 1 in intensity, which is 
required to reveal the whole response of the 
photographic material to light, has proved a 
difficult physical problem, as the intensity 
modulating device must in no way modify the 
spectral quality of the light. Moreover, the 
intensities required at the upper end of the scale 
are very high and can only be attained by placing 
the light source close to the emulsion layer. The 
most modem instruments therefore usually 
employ a succession of exposures of constant 
time but increasing intensity step by step along 
the strip (Bomemann and Tuttle, J. Opt. Soc. 
Amer. 1942, 32, 224; Davies, 1944, l.c,). 

The development of the exposed sensitometric 
strips may be conducted according to the 
practice of the trade using the materials in 
question (e.gr., motion-picture film, Z-ray film) 
or more usually, is conducted as a laboratory 
operation in specially designed machines where 
agitation, temperature, and time can be con¬ 
trolled to close limits. Preliminary experiments 
establish the conditions which give a result equal 
to the average of the best trade practice. These 
are then adopted as standards in the sensito- 
metric laboratory, and, in contradistinction to 
trade processing, can be exactly reproduced. 
In the scientific study of photography, of course, 
the manner of development depends on the pur¬ 
poses of the investigation. In nearly all cases a 
primary requirement is that development shall 
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be uniform at all parts of the exposed material 
and one of the best ways of effecting this is to 
brush the surface of the exposed material con¬ 
tinuously during development with a soft long¬ 
haired brush (Clark, Phot. J. 1925, 65 , 76). 

In the pioneer sensitometric ‘ work of Hurter 
and Driffield, their aim was to measure the mass 
of silver produced by a known exposure and 
development on the materials available to them. 
By comparing the results of chemical analysis 
of the deposits with measurements made on a 
photometer, they found that to a sufficient 
approximation Boer’s law was obeyed, i.c., that 
the mass of silver was proportional to the density 
of the deposit, which they defined as the common 
logarithm of the opacity. Mathematically, if 
/q units of homogeneous radiation fall on one 
side of the deposit, and / units emerge from the 
other side, then 

///q is the transparency^ 7’, 

/fl/I is the opacity, O, 
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and the density, D, is defined by the relation 

I^IqX whence D - log^Q O. 

Moreover, by the law of indices, two layers 
superimposed behave to the incident beam as if 
their densities were additive. Thus with two 
layers of densities and wo have 

whence + 

This property of density makes it the most 
useful means of specification of photographic 
deposits in optical calculations. 

Hurter and Driflield’s use of density as a 
measure of the mass of silvor in photographic 
deposits is rarely employed in modem appli¬ 
cations of sensitoraetry. Indeed, it has boon 
shown (Sheppard and Ballard, J. Franklin Inst. 
1928, 205, 659) that the relation between the 
density and the mass of silvor varied consider¬ 
ably, according to the conditions of develop- 
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Fig. 4.—The Chabacjterjstic Curve of Hurter and Driffield. 


ment. In most applications of sensitometiy, 
density is simply used as an optical concept, 
since it is the optical properties of the photo¬ 
graphic image which give it its usefulness either 
as intermediate negative or final print. In 
dealing with prints on opaque white or light- 
coloured supports, the reflection density is defined, 
by analogy with the density of transparencies, as 
logio (l/i2), where R is the reflectivity 
defined as the ratio between the light reflected 
by the image and that reflected by the support 
alone. 

The measured density of a photographic 
deposit, whether on a transparent or an opaque 
support, depends to some extent on the con¬ 
ditions of measurement. For transparencies, 
two extreme cases present themselves, (a) when 
only the light transmitted normal to the sample 
is measured, giving the specular density Du, 
and (b) when all the light transmitted by the 
sample, including all the scattered light, is 
measured, giving the diffuse density D^. Du 
is always h%her than Dff for scattering deposits, 
so that the contrast of a print made by colli¬ 


mated light in a projection printer is higher 
than that of a similar print made by diffused 
light in the same printer. On the other hand, 
a print made by contact, in which the printing 
frame is exposed to a diffuse source of large area, 
may have a^highor contrast again because much 
of the effective light has travelled through the 
deposits at an angle. Where the light source is 
small, however, the contrast falls since all the 
scattered light contributes to imago formation. 
In the absence of an agreed international specifi¬ 
cation of the means of measuring density, the 
sound rule is to employ as far as possible the 
same optical arrangement as will fuuctioii when 
the transparency is used. 

The standard way of expressmg the response 
of a photographic material to light is to plot the 
density resulting from exposure and a given 
degree of development against the logarithm of 
the exposure. The result is the cimracteristic 
curve of Hurter and Driffield (Fig. 4) which 
represents the response of the material for 
one particular de^ee of development. Over a 
considerable portion of its length, a to b in the 
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figure, the curve is a straight line. In this 
region the densities are directly proportional to 
the logarithms of the exposure, and if the 
material has been exposed for a constant time 
to varying intensities of light, the light emerging 
from the transparemy duplicates inversely the 
original intensities /, the transparency T of 
each part obeying the equation Hiirtor 

and Driffield therefore called this straight-line 
region the region of correct exposure. The 
gnulient of the curve dD/d(log K) is a constant 
in the straight-line portion and was called gamma, 
where tan a. If y -1, the negative reproduces 
exactly the brightness contrast of the original 
(exposure; if less or more than 1, th(' <*ontra.st 
re])roduction is compressed or expanded but 
remains proportionately correct. I’he limits of 
correct exposure (as above defined) are fixed by 
dropping perpendiculars from A and n on to the 
log (exposure) axis. A material so exposed 
that the density of the deepest shadow falls at 
A, will accommodate correctly all higher ex¬ 
posure values uj) to that represented by N, the 
ratio jK'x/T/m being known as the lalltiide (in 
exposure units). It may amount to several 
Imndred to one, with present-day double-coated 
materials. 

The position of the curve with relation to 
the log (exposure) axis indicates the speed of 
t he material. Hurter and Driffield produced the 
straight-line portion backwards until it cut the 
log (exposure) Jixis at x, and called the exposure 
value at this point the inertia. The speed was 
then expressed by a figure proportional to the 
reciprocal of the inertia. With the materials 
and developers of their day they found that the 
inertia was independent of the extent of develop¬ 
ment, and was therefore regarded as a constant 
of the material. 

Study of the whole problem of tone re- 
j)roduction in photography with present-day 
materials has shown that the toe of the curve of 
negative materials invariably is, and indeed 
should be, utilised, if the print is to represent 
the original scene to the best of its capabilities. 
J\Ioreover, some widely used negative materials 
have a long sweeping toe portion, so that if ex- 
j) 0 sures were such as to put all the densities on 
the straight lino, the negative would not only bo 
dense, but the exposures much longer than is 
necessary. In other materials the inertia falls 
rapidly as time of development is prolonged, so 
tliat the H. and D. speed depends greatly on the 
degree of development. Consequently, various 
vays of determining the speed from properties 
of the characteristic curve other than the inertia 
have come into use. Threshold methods deter¬ 
mine the exposure required to produce a density 
which is a small predetermined level above fog 
{e.g., the just detectable difference; 0*1 above 
fog, etc.), but such methods are not related 
logically to the requirements of tone repro¬ 
duction. A consideration of the reasons for 
dissatisfaction with the shadow areas of photo¬ 
graphs indicates that this is mainly due to the 
loss of tone discrimination in the shadows, and 
has led to the adoption of a point of minimum 
useful gradient on the negative characteristic 
curve as setting the lower limit of the correct 
exposure region. For applications of photo¬ 


graphy where the prints are made according to 
a more or less standard specification (e.^., in 
motion pictures), the exposure value where the 
gradient of the curve is some specified figure 
{e.g., 0*2) is a very useful criterion of speed. 
Enlarging on this idea, Jones {ibid. 1939, 227, 
297, 497) proposed that the speeds of negative 
materials should be based on the minimum ex¬ 
posure required to yield a “ first excellent print,” 
as picked out by a panel of observers. For 
various materials the negatives which yielded 
this first excellent print were found to have the 
common sensitomctric feature that the ratio of 
the minimum gradient in the shadow region used 
in making the print to the average gradient of 
the utilised portion of the characteristic curve 
was approximately constant and equal to 0-3. 
The correlation thus found between the purely 
sensitomctric fractional gradient speeds and the 
jirint-judgment speeds was checked on a large 
number of other materials exposed to scenes of 
varying brightness and developed to differing 
degrees, and also compared with the correlation 
between the print-judgment speeds and other 
previously proposed sensitometric criteria {e.g.^ 
fixed threshold, fixed minimum gradient, inertia). 
The spread of log E values between the statistical 
print-judgment method of deterrninhig speed 
and the various sensitometric methods showed 
that the fractional gradient criterion ay>])liod to 
these materials agreed most closely with print 
judgment. 

The Effect of Development.—Ineroasing 
the time of development, or using a stronger 
solution or a higher temperature, has as its main 
result on negative materials, an increase in the 
gamma of the H. and D. curve. This is best 
shown by drawing the family of characteristic 
curves for various times of development (Fig. 5). 
The slopes of the individual curves of the family 
may then bo read off and a gamma-time curve 
drawn. The fog can also bo read on an un¬ 
exposed portion of the material and the fog- 
time curve drawn. The gamma-time curve 
flattens out to a maximum known as , wkich 
is one of the inherent properties of the particular 
materia], determining its usual application in 
photographic practice. Very high values of y^ 
are common in the slow materials sold for making 
line blocks (e.gr., y^ ^8 or more). On the other 
hand negative materials for portraiture may 
have a y^ of 1-5 approximately. Hurter and 
Driffield round that the straight-line portions 
of the family of curves, if yiroducod to cut the 
log E axis, all mot it at a point which they 
regarded as an invariable characteiistic of the 
emulsion and therefore a suitable means of 
giving it an unique speed number. With modern 
materials and developers containing some free 
bromide, the straight-line portions, if they inter¬ 
sect at a common point at all, intersect well 
below the log E axis. The result is that on an 
inertia basis the apparent speed of the material 
increases markedly as development is prolonged. 
This is also true to greater or less extent with 
allj criteria of speed hitherto proposed, the result 
being that there is no unique speed figure for a 
given photographic material. Such a’figure can 
only be given when the manner of development 
is specified. 
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Positive Materials. 

While the sha.];)e of the characteristic curve of 
opaque positive materials is similar to that of 
negative matej;-ials, various new factors are 
brought into play which ensure that nearly the 
whole range of the curve must in fact be used. 
While the highest light on a positive trans- 
})arency need not be clear, as its brilliance can 
be increased to any desired extent by putting 
more light behind it, on a paper print the highest 
light must in general diflor* little from the white 
paper. This means that the toe of the positive 
cliaracteristic is fully used. Satisfactory dis¬ 
crimination of tones ill the high-lights of the 
])rint, where the slope of the positive character¬ 
istic is low, requires therefore that the contrast 
of the well exposed portions of the negative 
should be high, compared with the contrast of 
the loss exposed portions which are printed at a 
density level represented by the steeper part of 
the positive characteristic. This result is 
achieved by exposing in the camera so that the 
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toe end of the negative characteristic is used, and 
is one reason for preferring negative materials 
w’ith a long toe. Such materials indeed givi^ 
their best prints on chloride contact papers which 
have a markedly bowed characteristic. 

Furthermore, the brightness range of tones in 
an average scene (e.gr., 160:1 for an amateur 
snapshot of nearby objects) requires that the 
deepest shadows on the print shall approach the 
maximum black of the jiaper. Even so, a con¬ 
siderable compression of tones is unavoidable 
since the maximum black attainable rarely ex¬ 
ceeds a reflection clensity of 2-0 (t.e., a brightness 
range of 100:1). This is due to the reflection of 
light from the grains themselves and from the 
outer face of the papiu* emulsion layer. The 
maximum blach is highest for glossy papers (1-7- 
2 -0), intermediate in value for semi-matte or 
lustre papers (l-4~T7), and low for matte papers 
(1-1-T4). As negatives may difl'er very con¬ 
siderably in their density range, depending on 
their development, their exposure, and the 



Log Exposure 

Fig. 5.—Family of CnARAOTERisTic Curves with Corresponding y-i and Foq-I 

Curves. 


brightness range of the scene, it is necessary to 
select for each negative a paper the exposure 
scale of which (i.e., the range of exposures which 
just yields the maximum range of distinguish¬ 
able tones of which it is capable) fits the density 
range of the negative. For this reason printing 
papers are made in as many as six grades of 
contrast, and are selected to fit the negative by 
judgment from its visual appearance or by trial 
and error. Research based on a statistical study 
of print preferences has shown that the effective 
exposure scale of a jiaper must be measured 
between two points on the toe and shoulder of 
its characteristic where the gradient, multiplied 
by the gradient of the negative with which it is 
used, is approximately constant. This means 
that acceptable shadows and high-lights show a 
similar differentiation of tones on all prints, no 
matter on w^hat grade of paper they are made. 

In contradistinction to negatives and positive 
transparencies, the contrast of prints can be 
controlled but little in development. Chloride 
and ohloro-bromide papers have high rates of 
development, the curve of maximum slope being 


reached in a minute or less. Development for 
longer times than this brings in fresh tones in the 
highest lights by regression of the inertia, while 
the dark tones in the deepest shadows disappear 
progressively into the maximum black. The 
result is that the print darkens steadily as though 
it had had more exposure, while sensitometrically 
the curve moves backwards along the log ex¬ 
posure axis without alteration of slope. The 
printing exposure latitude thus introduced is of 
the greatest value in the commercial use of such 
papers. With bromide papers the slope of the 
curve does increase simidtaneoualy with regres¬ 
sion of the inertia, but the production of soft 
prints by under-development is little practised^ 
due to the ready production of streaks and poor 
image colour. 

Sensitivity to Colour. 

The absolute and relative sensitivity of photo¬ 
graphic materials to coloured light is of im¬ 
portance not only in colour photography 
(Section VII), but determines also the accept¬ 
ability of monochrome prifits, since the trans-. 
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lation of the coloured tones of the original into 
monochrome depends on this spectral sensitivity, 
however it may be modified by a light-filter 
placed over the Ions. Moreover, the design of 
the spectral transmission of safe-light screens 
requires a knowledge of the spectral sensitivity. 

Sensitometers are of three types, depending 
on the precision required. For the highest 
precision a double monochromator isolates a 
narrow spectral band of great purity and pro¬ 
jects it on the material after modulation in some 
standard sensitomotric manner, the chief aim 
being to exclude all light from other parts of the 
spectrum. The relative energy falling on the 
material in the diff erent parts of the spectrum 
is then measured by a thermopile, and related 
to the corresponding densities. For standard 
l outine tests of less precision the wedge spectro¬ 
graph is widely used. This instrument projects 
a complete spectrum on to the material, the 
intensity of the coloured light being modulated 
in a direction at right-angles to the wave-length 
scale by a neutral wedge placed over the slit. 
On development a wedge-spectrogram is ob¬ 
tained, the ordinate at every wave-length to the 
edge of the blackened area (i.e., a certain low 
fixed density), reijresenting the logarithm of the 
sensitivity to light of that wave-length, as 
modified by the spectral distribution of the 
energy radiated by the light source. Much of the 
usefulness of the wedge spec^trogram is duo to its 
automatic combination of the effects of spectral 
emission of the source and spectral sensitivity of 
the material, thus reproducing the conditions of 
practical use. In the third class are step tablets 
})arts of which are covered with coloured filters, 
('.g.y the tricolour red, green, and blue-violet 
filters of colour photography. ITie relative sensi¬ 
tivity of the material to light passing through 
the filters is evident on comparison of the step 
wedges produced under eacli filter, and can be 
used to calculate the filter factor. 

The manner in which the photographic emul¬ 
sion adds radiation of different wave-lengths has 
been the subject of notable investigations (Van 
Kreveld, Z. wiss. Phot. 1934, 32, 222; Webb, 
J. Opt. Soc. Amer. 1936, 26,12). Van Kreveld’s 
addition law for radiations applied simul¬ 
taneously may bo stated in the form 

whore hn represents the intensity of the com¬ 
ponent radiation of wave-length An in the mixed 
exposure and <9(2),An) is the sensitivity of the 
emulsion to energy of wave-length An expressed 
as the reciprocal of the energy required to pro¬ 
duce a given density D. With the sensitivity 
expressed in this way, the law merely states that 
the emulsion adds radiation of different colour 
falling on the material simultaneously for the 
same time in the same manner as it adds radia¬ 
tion of identical spectral quality. The law also 
holds for successive exposures to radiation of 
different colour, provided that the intensities are 
adjusted to give equal photographic effects in 
equal times. As a corollary, the reciprocity 
failure curves of an emulsion are the same for 
all qualities of radiation, when compared on an 
equal time basis. The addition laws are an ex¬ 
pression of the fact that, provide<A that thp rate 


of production of photo-electrons is the same, the 
photographic emulsion grain is indifferent to the 
quality of the radiation producing them. 

Limitations of the Photographic Pro¬ 
cess .—^Apart from the absence of colour and the 
frequent distortion of perspective due to the eye 
not being in the equivalent position of the taking 
lens when viewing the print, the main defect of 
prints made to the highest standards of which 
photography is capable is the compression of the 
brightness range of all subjects to a maximum of 
some 60 to 1. To attain this range, some parts 
of the toe and shoulder of the positive character¬ 
istic must be used, and even though the defects 
so introduced are compensated to a groat extent 
by suitable choice of the region of the negative 
characteristic utilised, the high-lights and 
shadows of the print are more compressed than 
the middle tones. In good quality prints this 
relatively greater compression of the high-lights 
and shadows is smaU. Further distortions of 
the reproduction are due to subjective factors. 
While it has been shown that the generally much 
lower illumination of prints, as compared with 
the original scone, produces little distortion, a 
subjective factor known as the constant-bright¬ 
ness effect is rarely operative in the repro¬ 
duction to the same extent as in the original 
scene. This is the faculty by which the mind 
appreciates the constant reflectance of an object, 
say a wall, parts of which are in light and other 
parts in shadow, whereas in the reproduction the 
shadowed portions often have the appearance 
of a reduced refloctan(5e as though darkened 
by stams. Professional portrait photographers 
have by long experience learnt to counteract this 
effect % adding additional light to the shadows 
{see Evans, ibid, 1944, 34, 633). 

It needs to be added that many of the limita¬ 
tions of prints do not apply to positive trans¬ 
parencies. Here the brightness range can easily 
be made equal to that of the original scene, since 
the high-lights can be raised to any desired 
brightness by increasing the illumination. 
Moreover, in both negative and positive the use 
of the toe and shoulder of the characteristic curve 
can be avoided, and the straight line portion 
only used. Given, therefore,a darkened room for 
viewing and a uniform light-source of sufficient 
brightness and area, the objective reproduction 
can be exact. Attempts to realise these con¬ 
ditions by projection, however, introduce new 
distortions in the shadows due to flare light in 
the projection lens and scattered light returned 
to the screen from the theatre walls. 

VI. THE REPRODUCTION OF 
PHOTOGRAPHS. 

While the bulk of positive photographic prints 
is nowadays made on the silver halide develop- 
ing-out papers described above, this is a com¬ 
paratively modem practice which owes its vogue 
to their convenience and speed (allowing of print 
making by projection). At one time the greater 
part of professional portrait negatives was 
printed by contact on direct print-out papers, 
in which the image visibly formed by light 
action was simply toned and fixed. For some 
40 years (1850>-90) almost all photographic 
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printing was done on albiimenised paper. This 
was a smooth *rag paper sized by floating on a 
solution of egg albumen containing sodium 
chloride and citric acid, and was sensitised before 
use by floating on a bath of silver nitrate. It was 
replaced gradually by factory-made print-out 
papers in which a gelatin or collodion vehicle 
carrying silver chloride (or sometimes bromide 
or phosphate) together with silver citrate, tar¬ 
trate, or oxalate and an excess of silver nitrate 
was applied without washing to baryta-coated 
paper. The print-out images on these papers 
have to be tonorl with gold either before fixing 
or simultaneously with fixing, in order to yield 
a satisfactory image colour. The baths used 
usually contain a soluble thiocyanate or thiourea 
ill addition to gold chloride. Self-toning papers, 
containing salts of gold, are also manufactured. 
These tone to a pleasing colour on immersion in 
the fixing bath. 

Printing processes based on the light sensitive¬ 
ness of dichromatod colloids form the founda¬ 
tions of photo-mechanical block making and are 
most conveniently described imdcr that heading 
below. The same principle, however, is used in 
a number of processes for maldng paper prints 
which still enjoy a limited use, particularly for 
exhibition work. They have the disadvantage 
that the speed is not high enough to permit of 
the making of prints by projection so that 
negatives of large size must be specially made. 
All the processes depend on the tanning of a 
layer of dichromated colloid (e,g., gelatin, gum, 
shellac) in those parts of the picture exposed to 
light. The image is formed by using in various 
ways the differing properties of the tanned 
and untanned regions. Thus methods based on 
the solubility of the untanned portions of a 
gelatin layer in warm water yield a positive 
image if the remaining tanned relief is darkened 
by dyeing, or by the uniform inclusion of an in¬ 
soluble pigment in the gelatin from the outset 
(carbon printing, J. W. Swan, 1864). Both 
methods fail unless the exposure is made through 
the support, or the layer transferred to a 
temporary support for development. Without 
these precautions the layer of soluble gelatin 
next the support dissolves and the image dis- j 
integrates. The colours of prints thus made 
can be very various and the pigments used in 
the carbon process can be extremely permanent. 
The gum-dichromate process works on similar 
principles, but due to the solubility of the gum 
arabic in cold water the dichromate sensitiser 
and pigment is mixed with it before it is spread 
on paper and development is done in cold water. 
The process lends itself to artistic interpreta¬ 
tions as certain tones can be lightened by 
hastening the development in those regions and 
others darkened by adding pigment taken from 
the margins of the print and by multiple-printing 
from the same negative. 

Alternatively the different swelling properties 
of the tanned and untanned regions may be 
utilised to form an image without actual removal 
of any gelatin in warm water. Some dyes have 
the property of penetrating only in the untanned 
portions* (Pinatype), thus yielding a positive 
from a positive transparency. If sugar is in¬ 
cluded in the dichromated gelatin, the untanned 


portions remain sticky and can he differentiated 
from the exposed portions by dusting a diy 
powdered pigment (e.g., graphite or metal) on to 
the swollen relief. Of more importance are 
those printing methods which utilise the 
properties of tlie swollen relief to form an image 
in greasy ink (oil printing). Here the tanned 
portions accept the ink while the swollen water- 
saturated untanned portions do not. The inked 
relief can be used as a printing plate, and the 
imago transferred to unsonsitisod paper of suit¬ 
able surface in a press (oil transfer), or to a litho¬ 
graphic printing silrfacc (litho transfer). 

The speed of silvcr-halido emulsion-coated 
papers is combined with the permanence and 
means of artistic control afforded by the above 
pigment processes in a number of procedures 
which utilise the reducing powers of the silver 
image to tan gelatin locally by the reduction of 
dichromate uniformly dispersed in it. In these 
proco.sses the finely divided silver of the image 
is used simply as a chemical reagent to give a 
final picture similarly distributed but in some 
I quite other pigment. Thus the carbon tissue 
(i.c., the paper coated with a pigmented layer 
of soft gelatin), which is used for carbon printing 
I after sensitisation in a dichromate solution as 
described above, may be in solubilised image- 
wise to yield an almost identical final result by 
bringing it into contact with a wet bromide 
print, the carbon tissue having first boon soaked 
in solutions of potassium dichromate and ferri- 
cyanide. The ferricyanide oxidises the silver 
image and is itself reduced to ferrocyanido, and 
this diffusing back into the carbon tissue rodiKses 
the dichromate which tan.s the gelatin locally 
just as if it had been affected by light. The 
carbon tissue can then bo applied to a final 
support and developed in warm wmter as in 
carbon printing. This process, known as Car- 
bro, works best if the bromide paper used has 
no gelatin supercoat, which, if present, neces¬ 
sarily softens tlie definition slightly. By similar 
methods tlie gelatin of a silver bromide paper 
specially made with soft gelatin may bo tanned 
locally in proportion to the silver image and the 
resultant relief inked up with a greasy ink. This 
inked image, when dry, may bo used as the final 
print (Bromoil) or transferred to another surface 
in a transfer press (Bromoil transfer). 

Photo-ME crL4NicAL Processes. 

While the tanning action of reduced di¬ 
chromates is little used for print making except 
by amateurs (and in colour printing as described 
in Section VIT), it lies at the base of the photo¬ 
mechanical industry. The preparation of metal 
printing-blocks from photographs is effected in 
all processes by the aid of a photographically 
prepared stencil or resist, which controls the 
action of chemical baths on the metal according 
to the lights and shadows of the imago. The 
direct action of light on dichromatod colloids 
(gum, albumen, gelatin, shellac) was until 
recently almost the only method used for 
making such resists. New methods based on 
the tanning action of specially compounded 
developers at the sites of development in silver 
halide emulsion layers coated on metal have 
made progress only within the last few years. 
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They enable images to be printed on metal 
directly by projection. 

Printing blocks, whether made by photo¬ 
graphy or otherwise, may be put into one of 
three classes depending on the method of trans¬ 
fer of the ink to the paper in the prijiting press. 
Relief blocks carry an ink film on the raised 
portions of the printing surface and transfer it 
to the paper on contact (letterpress printing). 
Intaglio blocks carry the ink in hollows etched 
or engraved in a smooth surface, the non¬ 
printing areas being cleaned by a doctor blade. 
Jn the planographi(! processes, the printing sur¬ 
face is substantially in one plane, those parts 
whi(di carry the ink having been chemically 
modified so that tlu^y accept a greasy ink, while 
the non-printing parts reject it. For all these 
j)i’occsses means have been devised to distribute 
tlie printing surfaces on the block by photo- 
grajfiiic means from a p}iotograj)hic original. 
I>y various procedures the block may be made 
to yield an apparent (‘ontinuous gradation of 
tones, so that photograi^hs both in monochrome 
and colour may b(‘ reproduced in the large 
numbers cha i actci i.stic of the printing press. 

The liru' block consists of aji etched plate 
commonly of zinc in which the non-printing 
areas ha ve been et ched to a depth of about J mm. 
below the lines by Bucccssive “ bites ” in dilute 
nitric acid solutions. The action of the mordant 
on th(‘ printing areas is prevented by a stencil 
prepared photographically. The plate is coated 
with dichT'omated albumen, which is then in- 
solubilised in th(‘ lines of the drawing by printing 
under a line negative madf? from the original 
artist’s drawing. The ex])os(Kl jfiato is inked up 
uniformly with a greasy ink, giving a thin dis¬ 
continuous coating, and then (levcloped in cold 
water by swabbing. The water dissolves the 
unexposc^d albumen and disperses the ink film 
on top of it, parts of the lat tor being carried by 
the swab on to tlic lines, thus strengthening the 
ink film. The resist is further strengthened by 
dusting a powdered fusible resinous material 
onto the plate, ''.riiis adheres only to the inked 
lines, and is incorporated into the ink by heat. 
After retouching and cleaning, the plate is ready 
for etching. To prevent undercutting of the 
linos by the nitric acid, the sides of the linos are 
protected at intervals by rolling up the plate 
with etching ink and causing the ink to flow | 
down the sides of the linos. The parts which 
are to he etched are prepared with gum arable 
solution in the manner described under litho¬ 
graphy so that they repel the greasy ink. The 
reinforcing ink thorefora takes only on the lines 
whatever the depth of etch. Alternatively the 
sides of the lines may be protected by brushing 
against them a powdered fusible resin (dragon’s 
blood), which is consolidated in position by beat. 
An alternative resist that is used considerably 
is dichromated shellac, which is developed in an 
alcohol bath. 

In photolithography the photographically pre¬ 
pared resist may be used to protect the litho¬ 
graphic surface from grease, in which case the 
exposure is made under a positive, or from 
water, when the exposure is made under a 
negative. Grained zinc is commonly used, and 
the usual method of working from a negative is 


to “ print down ” the image on dichromated 
albumen, which after exposure is rolled up with 
litho ink and developed in cold water, leaving 
the printing imago in albumen and ink. The 
non-image areas are then prepared so that they 
reject a greasy ink by means of an “ etching ” 
bath which deposits an adhering layer of zinc 
phosphate, followed by gum arahic solution. 
The porous layer of zinc salts and gum retains 
water tenaciously, and if kej)t moist by the 
arrangements provided on the press continues 
to reject the printing ink throughout long runs. 
The ink in the printing areas is by this method 
insulated from the metal by the layer of hardened 
albumen, which may result in breakdown on the 
press. The direct printing methods from posi¬ 
tives avoid this danger. Here the bare metal 
exposed after development is inked up with the 
fatty iiilv, and forms the printing surface, whih^ 
the resist in the parts exposed to light (^.e., the 
whites of the positive) is dissolved in dilute acid 
and the metal thus revealed “ etched ” and 
gummed to form an ink-rejecting surface. 

it wfill be appreciated that neither the letter¬ 
press block nor ifiiotolithography is caj)ablo of 
printing any tone between tlie white of the paper 
and the full strength of the ink. Half tones are 
produced in both processes by dividing iqi the 
printed area between black and white on such a 
small scale that without magnification the tone 
appears to be uniform. This is done by making 
what in effec^t is still a lino block from a special 
screen negative^ in which the tones of a con¬ 
tinuous-tone original are automaticially broken 
up into substantially clear and opaque dots, the 
relative areas of which (as modified by the 
etching, etc., carried out on the metal) repro¬ 
duce on the print the tones of the original. The 
negative material used is of very high contrast 
and is placed in the focal plane of the process 
camera a short distance behind a cross-line 
screen. This consists of a pair of cemented glass 
plates, on the inner faces of which is ruled a 
regular pattern of black lines and clear spaces, 
the linos and spaces being of equal width. The 
ruling varies from 50 to 200 lines to the inch, 
according to the use to be made of the block 
{e.g.j fine book or catalogue illustration, 150 
lines; newspapers, 85 linos per in.). The two 
glasses are cemented together with their rulings 
at right-angles, and the complete screen is so 
mounted in the camera that it can bo moved 
backwards and forwards through known dis¬ 
tances while maintaining accurate parallelism to 
the sensitive surface. 

In most photomechanical establishments the 
wot collodion process is still in common use for 
negative making. While its photographic cha¬ 
racteristics of fine grain, extreme density of 
blacks and high contrast can be readily dupli¬ 
cated in gelatin dry plates, the process retains 
its hold for reasons of cost and convenience, 
chief of which is the repeated re-use of the large 
glass plates on which negatives are made, and 
the ease with which the collodion film may be 
stripped and mounted (turned over if necessary) 
with others on a new glass to form a composite 
negative. Photographically the essential feature 
of negative materials for screen negative making 
is high contrast (^e., short exposure-scale). 
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This means that there is a certain level of ex¬ 
posure below which tlie jilate hardly responds at 
all, while at a le*'el slightly above it the plate 
develops almost its maximum density. Behind 
each opening in the screen there is a certain locus 
w hore the exposure is of this critical value. In 
the high-lights of the image in the focal plane of 
the process camera the critical locus will be 
remote from the centre of the opening in the 
screen, giving a high proportion of exjjosed to 
unexposed emulsion ; in the shadows only those 
portions immediately under the centre of the 
openings will receive the critical exposure and 
bo blackened. The result is small black dots in 
the shadows and largo ones in the high-lights. 

Experimental work by Yule (J. Franklin Inst. 
1941,231,23; 1943,235,483; 1943,236,473) 
has shown that the distribution of light behind 
the apertures in the screen cannot be satis¬ 
factorily accounted for on the basis of the 
penumbra theory (i.e., the partial occultation, to 
an observer at each point of the sensitive layer, 
of the illuminated lens diaphragm by the black 
lines of the screen) except for coarse screens 
placed very close to the plate. For normal 
screen-distances diffraction is involved and the 
shape of the dots agrees well wdth that deduced 
from theory. 

The type of screen negative produced differs 
according to whether it is to be printed typo¬ 
graphically or lithographically. For the former 
the exposure is sucibthat the dots in the high¬ 
lights just join at the corners (chess-board 
pattern). When printed on metal the squares 
protected by the resist are undercut by the etch 
until the i)rinting surface is reduced to points. 
'These remain as a light tone even in the highest 
lights and are necessary to prevent either ink 
or paper from reaching the bottom of the etched 
hollows on the press. For the latter, as the 
lithographic printing plate suffers no under¬ 
cutting, the clear dots in any part of the negative 
must not be bigger than the areas required to 
print. 

In both processes the rendering of the tones 
of the original is not satisfactory unless skilled 
retouching is done on block or negative by the 
line etcher. Distortions of the tone rendering 
achieved on the negative are known to occur at 
the later stages of half-tone block making and 
printing duo to the undercutting action of the 
etch and to ink squash round the dots on the 
press, but those are of but minor effect compared 
with the errors of the negative, in which the 
rendering of high-lights and shadow's is much 
flattened. In the high-lights this is duo to an 
insufficiently rapid growth of dot size with in¬ 
creasing exposure; on a lithographic 

negative a tone of density 0-3 on the original is 
represented by a chessboard pattern of equal 
black and clear dots, but the black dots must 
increase from this 50% to almost 100% to repre¬ 
sent the whites of the picture, i.e., they must 
increase from the chessboard proportion to the 
whole area by a mere doubling of the exposure 
(see Tritton and Wilson, Phot. J. 1939, 79, 396; 
Murray, J. Franklin Inst. 1936, 221, 721). No 
means of achieving this by simple procedures 
with the‘cross-lino screen of the ordinary type 
are known, and it is in practice only secured by 


the fine etcher on the half-tone blocj:, or by 
chemical dot retouching applied to the screen 
negative or positive to be used for photo¬ 
lithography. In these procedures the various 
tones of the picture are protected in turn by 
manually applied resists when they have reached 
the correct dot size, the action then being 
alkwed to continue on the others. 

A theoretical solution is available by the use 
of a properly designed vignetted c ontact screen. 
Such a screen has dots graded in density from 
the (‘cntre to the periphery and is used in contact 
with the photographic plate. By suitable choice 
of the rate of increase of the density of the dot 
at each point of its radius the dots printed on 
the photographic material can be made to in¬ 
crease in siz(‘ more rapidly at the high exposure 
end giving the correct tone rendering. Moreover , 
such sereens can be used in the camera withtho 
lens at full (or any other) aperture, thus reducing 
exposure, and if made on a suitably thin support 
can be used in a printing frame between a con¬ 
tinuous tone translucent original and the photo¬ 
graphic plate (for making blocks of the same 
size). Each such screen, liowever, can only 
handle an original of a particular contrast. To 
avoid tlie necessity of carrying a battery of such 
screens, tliey have been made in a coloured dye 
so that the effective contrast can bo adjusted by 
suitable choice of the (!olour of the exposing 
light (Coppin, Process Engraver’s Monthly, 1942, 
49, 86), 

Photogravure. —In jdiotogravuro the dif¬ 
ferentiation between tones is effected by varying 
the thickness of the film of ink transferred to the 
paper. Most of such printing is now done from 
cylinders, which are etched through a photo¬ 
graphically prepared resist so as to yield a 
pattern of minute cells of the same area but 
of deptli depending on the tone to be printed. 
The deeper cells bold the most ink and yield 
the darker tones. TJie resist is prepared from a 
continuous-tone positive of moderate contrast, 
whicli is printed on dichromated carbon tissue 
so that the most tanned portions represent the 
wdiites of the picture. The same piece of tissue 
is also printed under a photogravure screen. 
This consists of white cross-lines on an opfAifiUf*! 
ground, the opaque squares having sides about 
three times the wndth of the linos. The tissue 
is insolubilised under the lines and the thick 
resist eventually formed at these sites protects 
the metal of the cylinder (usually copper) alto¬ 
gether from the mordant, thus providing the 
walls of the cells. The exposed tissue is applied 
to the copper cylinder, usually by a process 
known as “ dry-lay,” in which the face of the 
dry tissue is brought into contact with the 
cylinder under pressure by roUors while the line 
of jimction is sprinkled with a limited amount of 
water. The adhering tissue is then developed 
ill warm water and the paper backing removed, 
leaving a hardened negative resist on the copper, 
which is then dried. The cells are etched in the 
metal by successive immersions in baths of 
ferric chloride of decreasing concentration. The 
concentrated solutions employed reach the metal 
only after first swelling the gelatin resist, a 
reaction which progresses from the top of the 
resist toward the metal at a rate determined by 
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tho availability, not of ferric chloride, but of 
water. The thinnest parts of the resist are 
therefore penetrated first, where attack on tho 
copper begins long before there is any action in 
the lighter tones. As the action in each succes¬ 
sively lighter tone slows up, the bath of next 
lower concentration of ferric chloride is taken 
into use, until the very lightest tones are just 
etched at the end of some 25 minutes. At this 
time the lines of the screen have not been pene¬ 
trated anywhere. The resist is removed and the 
cylinder cleaned. Por long runs it may bo 
cliromium plated. On the press tho (adls are 
filled with photogravure ink by means of a roller 
rotating half-immersed in a tray of the ink, or 
on big presses, by means of sprays in an en¬ 
closure known as tho ink fountain. The ink is 
very fiuid and is made on a basis of xylene, 
toluene, or even benzene, and dries very rapidly 
on the paper by simple evaporation. The excess 
is wiped olT the screen lines by the doctor blade, 
so that onl3^ the ink in the c{iils is pulled out by 
the paper. Modifications of photogravure, in 
which the area as well as the depth of tho cells 
varies with the tone, have been used (inverted 
half-tone). 

It is (uistomary to use different colloids for 
the different branches of i^hoto-engraving;: 
albumen for lino blocks, photo-engraving glue 
for half-tone blocks on copper (this being subse¬ 
quently burnt-in to form an “ enamel ”), shellac 
for half-tones on zinc (this requires no burning- 
in), gelatin carbon tissue for photogravure. All 
are treated with dichromates and are insolubi- 
lised on exposure to light. Tho mechanism of 
this action is imperfectly understood. The 
essential feature is the reduction of the di- 
cliromato, or of chromic acid^ by tlie light, the 
reduced oxide bcirjg responsible for tlie tanning, 
either directly or after combination with excess 
unreduced dichromatc. Tho potassium or am¬ 
monium dichromates are usually employed but 
dichromafes of organic bases (pyridine) have; 
been used in recent years with an advantage in' 
printing speed. 

Plan Reproduction Processes. —Photo¬ 
graphic processes little used in any other direc¬ 
tion are employed for plan copying. Here the 
need for cheapness and convenience in processing 
outw’eighs deficiencies of low speed and poor 
rendering of tones. Foremost are the iron 
printing processes based on the reduction of 
ferric salts of organic acids by light. Blue¬ 
print paper for making copies from engineers’ 
and architects’ drawings is made by impregnating 
the surface layer of paper with a mixture of 
ferric salts and potassium ferricyanide, and 
retains its yellow colour indefinitely if kept dry 
in tho absence of light. On exposure to light 
under the tracing, the unshielded parts turn 
bluish or purplish grey, due to the reduction of 
the ferric salts. The image is developed by 
washing in water, when the ferricyanide reacts 
with the ferrous salts to give an image in white 
lines on a blue ground. In large establishments 
tho printing and washing is done by continuous 
machinery. Papers containing ferric salts only 
yield blue lines on a white ground if developed 
with solutions of potassium ferrocyanide; here 
the unreduced ferric salts are caused to form the 


image. Similarly development of such papers 
with gallic acid solutions give purplish-black 
lines on a light ground. The gallic acid for 
development may be included in the paper as 
supplied so that water alone suffices for develop¬ 
ment. 

The ferrous salts resulting from the reduction 
of fonic salts by light have been utilised to pro¬ 
duce very fine and permanent images by tho 
reduction of salts of the noble metals. Thus tho 
insoluble ferrous oxalate formed by tho action 
of light on ferric oxalate can be used to produce 
images in silver (“ Kallitype ”) or in platinum 
or palladium. The reduction of tho noble metal 
salt takes place in situ as the ferrous oxalate is 
caused to go into solution in a bath of a neutral 
oxalate. Only one of these processes survives 
in common use. Sepia photo-copying paper, 
which is prepared by soaking a translucent paper 
in a solution containing iron ammonium citrate, 
citric acid, and silver nitrate, gives an image in 
white lines on a bro^vn ground, which, after 
fixation in hypo and washing, forms an excellent 
original for tho preparation of further blue¬ 
prints. 

Dye-Line Processes.-—-A new chapter in 
plan reproduction processes was opened by 
Green, Cross, and Bevan (J.S.C.I. 1890, 9, 1001), 
who first prepared a direct positive photographic 
paper utilising the destruction of diazonium 
compounds by light. The substance not 
destroyed was then coupled with a phenol or 
amine. Green, Cross, and Bevan used primu- 
lino, now obsolete, but their principle of develop¬ 
ment with an alkaline solution of a phenol 
survives in some modern processes of tho 
“ semi-dry ” type. For these processes there 
is no coupling component in tho paper, which 
contains a atablised diazonium compound and 
perhaps a mordant only (e.gr., diazotised p- 
aminodibutylaniline, or other diazo-compound 
with tertiary nitrogen in the ^ara-position, 
stabilised as a double salt with zinc chloride, 
together with an organic acid and aluminium 
sulphate as a mordant). The developer con¬ 
tains a phenol {e.g. phlorogliicinol, which may bo 
diluted with resorcinol), together with a weak 
alkali. To be satisfactory for commercial use, 
such a developer must be stable when exposed 
to air, and must produce a good dark line show¬ 
ing no bleeding. These two requirements are 
difficult to satisfy together since the rapid 
coupling necessary to satisfy the second only 
occurs in alkaline solution which favours oxida¬ 
tion. Many patents on devices to overcome 
this trouble exist. One interesting solution 
(B.P. 426235) uses neutral or slightly acid 
developers containing salts of weak organic acids 
with a strong base, e,g., acetates, formates, suc¬ 
cinates, malates, citrates, tartrates, etc., to¬ 
gether with 19-16% sodium chloride to salt out 
the azo dyestulf and sharpen the lines. In these 
“ semi-dry ” processes the developer is applied 
in a thin fim by rollers and dries in a few minutes. 

Papers which are developable “ dry ” by 
moist ammonia fumes were introduced in 1920 
by Kalle & Co. (B.P. 210862). Their “ Ozalid ” 
process used the diazonium compound of 1- 
amino-2-naphthol-4-Bulphonic acid together with 
a coupler and an acid. In the presence of the 
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last a diazo-anhydride is produced without 
coupling properties. As soon as the paper is 
made allvaline by ammonia vapour the di- 
azonium compound is regenerated and coupling 
occurs. Various other patented devices have 
been disclosed for the prevention of slow pre¬ 
mature coupling. The phenols may be pro¬ 
tected by converting them into non-coupling 
bodies which are split by the alkali into com¬ 
ponents one of which is the original coupling 
phenol {e.g.y B.P. 282804, 283274). Phloro- 
ghicinol, in particular, may bo protected by 
treatment with hydroxylamino, forming triketo- 
hexamothylenotrioxirne, which is reconverted 
to phloroglmdnol by ammonia (B.P. 294972). 
Bisulphite addition compounds, cyanhydrins, 
hydrazones, phonylhydrazones, semicarbazoncs 
and the like have also been proposed. As the 
clear areas of the print carry a mixture of the 
coupling phenol and the phenol resulting from 
the destruction of the diazoniiim compound, 
they are liable to darken on keeping. Mild 
lediicing agents are often added to reduce this, 
e.{ 7 ., thiourea (B.P. 300408), thiosulphates, 
formalin, hydroxylamino, aldehydes, etc. (B.P. 
294972). Self-developing papers which are 
developed by water or steam are the subject of 
patents issued about 1935. In these the coupler 
is rubbed into tho surface of the dry paper or 
suspended in a wax coating. Such i>apors have 
not come into general use. Papers giving a 
negative print have been proposed based on the 
original disclosures of Peer (G.P. 53455). 
Diazo-sulpbonates are mixed with a coupler and 
the usual accessories and couple readily on ex¬ 
posure to light (B.P. 518129, 518162). 

In all these processes the action of light on 
tho diazonium compounds in tlie presence of 
moisture is believed to follow the equation : 

R_N -N~Cl f HgO V R OH+HClq-Ng. 

The relative sensitivity of various diazonium 
compounds has been investigated by a number 
of workers. One recent research was specifically 
directed to the comparison of compounds w'hen 
coated on paper, as in dye lino-processes (Brown, 
Chem. and Ind. 1944, 146). This author estab¬ 
lished that 

1. The light sensitivity of diazonium com¬ 

pounds is entirely in the blue and ultra¬ 
violet. 

2. For mono-substitutod derivatives of aniline, 

the sensitivity increases in tho order 
para, meta, ortho. 

3. The greater the polar strength of a sub¬ 

stituent in a diazonium compound, the 
greater is the sensitivity to light. 

Search of the considerable patent literature 
(some 100 British patents since 1930) reveals 
that all the practical compounds are made from 
substituted paraphenylenediamines. Four classes 
may be distinguished: the diazo anhydrides, 
the para tertiary amino-anilines, the amino- 
diphenylamines, and lastly a large class of 
amines with ethoxy side-chains on one or more 
benzene rings. The various compounds differ 
in stability, colour of azo dye formed, or printing 
speed. 


While the blue-print and diazo processes still 
continue to be widely used for plan copying by 
contact, there has boon an incursion of the silvcT 
halide processes into the same field in recent 
years whore their speed makes practical new 
techniques of copying by projection with the 
aid of a lens. The document may be copied on a 
considerably reduced scjalc to form a permanent 
record, more easily handled and stored than the 
original, or may be altered in scale only slightly, 
or not at all. One new application of photo¬ 
graphy provides moans of transferring a full- 
scale precision drawing (usually on white 
lacquered metal) direct to the material from 
which a template or part is to bo cut, thus 
obviating tho usual laborious and possibly in¬ 
accurate repetition of the draughtsman’s work. 
The material may be sensitised by spraying with 
liquid silver halide emulsion (in a gelatin, col¬ 
lodion, or synthetic resin vehicle), or may have 
a factory-made gelatin emulsion transferred to 
it from a stripping paper (transfer sensitising). 
In order to print the original drawing on this, 
it may bo made on a special lacquer which is 
excited to phosphorescence by A-rays or light, 
the glowing panel then being brought into con¬ 
tact with the sensitised surface. Alternatively 
the original drawing may he copied in a large 
precision camera and tlie negative reprojoctod 
through the same optical system on to the new 
sensitised surface. This method alone allows 
for alterations of scale. 

VII. THE RECORDING AND REPRO¬ 
DUCTION OF COLOUR. 

Sensitisation of photographic silver halide 
emulsions to light of longer wave-length than 
the approximate 400 mp., 500 mp., and 550 mg. 
which respectively mark the limit of sensitivity 
of pure silver chloride, pure silver bromide, and 
commercial silver bromo-iodide emulsions is 
effected by dyeing the grains with certain dyes 
called optical sensitisers, which confer on the 
emulsion a sensitivity corresponding approxi¬ 
mately to their own absorption. This process, 
which is of the greatest technical importance, 
not only allows negative materials to record 
coloured objects in monochrome in relative tones 
which the eye appreciates as satisfactory, but 
contributes considerably to the effective speed 
of such materials, particularly in artificial light, 
and is indispensable for any process of colour 
photography. By an extension of the method, 
it has been found possible to photograph by in¬ 
visible radiation in the infra-rod. 

The starting point of these developments was 
the discovery by Vogel (Ber. 1873, 6, 1302) that 
certain collodion dry plates, w'hieh have been 
treated with a yellow dye to prevent halation, 
showed some sensitivity in the green. Ho 
examined a number of dyes and found that some 
of them, notably coraUiiic, sensitised the plate 
to the green and red. His published results 
excited considerable attention and led to some 
systematic investigations of existing dyes, 
notably by Eder and Valenta. Dyes specially 
synthesised for use as sensitisers were examined 
by Miethe and Traube (G.P. 142926, 1902) who 
found excellent sensitisers for the green and ^ 
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yellow regions of the spectrum amongst homo- 
logucs of cyanine which were recognised as being 
the isocyanines of Hoogewerff and Van Dorp 
(Rec. trav. chim. 1883, 2, 317; 1884, 3, 337). 
From then on, attention was concentrated on 
the cyanines, and it is from this class that the 
best modern sensitisers derive (v. Cyanine 
Dyes, Yol. Ill, 5146). To these basic dyes 
must be added the acid dye Erythrosiu (Vol. IV, 
33()a), which has been used since 1884 for sensiti¬ 
sation in the blue-green, and a whole ni'^\ class 
of “ merocyanines.” These are prepared by 
condensation of various cyanine mtermediates 
with compounds, usually cyclic, containing a 
reactive methylene group. Like the cyanines, 
the merocyanines form vinylone homologous 
series in winch the two nuclei may be joined by 
a double bond or by (:CH*CH:)^ in which n is 
1, 2, or 3 (B.P. 426718, 428222, 428359, 1033; 
450958, 1934; 528803, 1939). The numerous 
nuclei with reactive methylene groups available 
enable dyes to be prepared w'ith a powerful 
sensitising action in any desired part of the 
visible spectrum. 

The Mechanism of Dye Sensilisaiion .—The 
early correlation between the absorption 
spectrum of the sensitising dye and the region 
of induced sensitivity in the silver halide was 
found to bo inexact when closely examined. 
The sensitisation peak was always displaced 
slightly wdth respect to the absorption peak of 
dye solutions. In view of the changes of absorp¬ 
tion exhibited by many dyes when dissolved in 
different solvents, it was believed that the 
sensitising spectra w ould bo found to be identical 
W'ith the absorption spectra of the dyes as 
adsorbed to the silver halides. This was proved 
to be the case for Eosin by J. M. Eder (“ Beitrage 
zur Photocliemio u. Spoctralanalyse,” 1904, 
Vol. Ill, p. 37) and for the cyanine dyes by 
Leermakers, Carroll, and Stand (J. Chem. 
Physics, 1937, 5, 878), but left unexplained the 
mechanism by which the energy of the light 
absorbed by the dye was passed on to the silver 
halide. In attempts to understand this, the 
nature of the attachment of the dye to the silver 
halide surface was investigated. Quantitative 
experiments on the adsorption of various cyanine 
dyes (Sheppard and Crouch, J. Physical Chem. 
1928, 82, 751; Leermakers et al., J. Chem. 
Physics, 1937, 5, 893; Havey, Trans. Faraday 
Soc. 1940, 36, 323), showed that many of them 
gave isotherms with two distinct plateaux, 
apparently corresponding to the adsorption of 
successive molecular layers. It is believed that 
the molecules in the first adsorbed layer are 
cdosely packed and lie flat, each covering some 
10 Br- ions of the silver bromide lattice. At 
higher concentrations of the dye a re-arrange¬ 
ment may take place, whereby the dye molecules 
assume a closely packed edge-on arrangement. 
With many dyes the onset of this orientation 
induces a new absorption and sensitisation band, 
which is often found in water solutions of the 
same dyes, and is believed in both cases to be 
due to these edgewise-packed aggregates. Ac¬ 
cording to Sheppard, the new band is due to a 
new resonance system perpendicular to the plane 
of the molecule made possible by water mole¬ 
cules between the V-atoms of each overlapping 


doublet. Various foreign organic molecules are 
known, which depress the new band, presumably 
by interference with the formation of these card- 
pack aggregates. 

Other agents are known which function as 
supersensitisers, Lc., they enhance the sensitising 
action of a dye though they may be themselves 
without sensitising action. In some cases mix¬ 
tures of dyes, instead of yielding the depressed 
sensitivity which is the usual result of the em¬ 
ployment of dye mixtures, mutually enhance the 
action of each other (U.S.P. 2075046-8, 1937). 

Two hypotheses are possible to explain th(i 
sensitising action of the adsorbed dye. One 
supposes a direct electron transfer from an 
optically excited dye molecule to the con¬ 
duction band of the halide; the other a transfer 
of excitation energy to a bromine ion of the 
lattice by resonance, causing it to eject an elec¬ 
tron into the conduction band. The weight of 
expert opinion inclines to the latter view (Mott, 
J. Phys. Radium, 1946, [viii], 7, 249). It is 
supposed that there are certain points on the 
surface of the crystal where the energy necessary 
to t-ransfer an electron to the conduction band is 
lower than the 3 e.v. normally necessary. 
8uch discontinuities in the lattice indeed account 
for the long-wave-length tail in the absorption 
spectrum of the silver halides. The energy of 
the excited dye molecule can be passed from 
neighbour to neighbour in the adsorbed layer 
some 10’ times before the dye returns to its 
ground state, during which time there is a high 
probability that it will reach one of the discon¬ 
tinuities in the lattice where it is transferred to 
a bromine ion by resonaiuio, which thereupon 
ejects an electron into the conduction band. 
On this view dye-sensitisation merely exalts a 
sensitivity to coloured light present in germ in 
the undyed silver halide. Sensitisation by trans¬ 
fer of energy can occur only if the dye is adsorbed 
with a particular orientation to the crystal sur¬ 
face, which in turn recpiires a particular struc¬ 
ture of the dye molecule. 

Commercial panchromatic i:)lates, sensitised 
with pinachrome and pinacyanol, were placed 
on the market by Wratten and Wainwright in 
1906, and were the first English plates to give 
correct rendering with a comparatively light 
yellow filter. They were little used except for 
commercial photography of paintings, furniture, 
etc., where distortions of tone rendering were 
very obvious, and for early colour photography. 
Wider use followed the First World War, as red- 
sensitive plates had been found to be necessary 
for aerial photography. The motion-picture 
industry still relied on green-sensitive but not 
red-sensitive film (“ Orthochromatic film ”) 
until 1925, when panchromatic film began to bo 
more and more used, a change-over accelerated 
by the advent of sound in 1928, which abolished 
the noisy arcs from the studios, and necessitated 
a red-sensitive film to give adequate speed with 
the incandescent tungsten lamps which took 
their place. This film, however, was still 
sensitised with pinacyanol first produced 24 
years before. The new dyes were not introduced 
commercially until 1931 (“ Super-sensitive ” 
panchromatic film), and immediately made 
studio motion-picture photography much simpler 
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and opened new possibilities in its scale. This 
film, and the types which have succeeded it, 
played a great part in the rise of miniature 
camera photography (by providing emulsions 
of fine grain, but with adequate speed conferred 
by sensitising) and paved the way for the present 
active developments in colour photography. 
The new dyes sensitising in the infra-red enabled 
photographic materials to be made, which, 
though useful mainly to the scientist and 
astronomer before 1939, have since boon found 
extremely valuable in war-time aerial photo¬ 
graphy. In the laboratory, spectrum lines 
beyond 1,200 m/x. arc readily recorded while 
fast and stable materials recording in the range 
700-900 mji. are available for camera use. 

Colour PnoTOGRAPirY. 

While the principles of colour photography as 
at present practised had been outlined clearly 
long before 1900, the attempts to realise them 
made during the first quarter of the twentieth 
century, though highly ingenious and requiring 
remarkable technical skill in manufacture or use, 
must be regarded as the unsuccessful forerunners 
of the processes which will eventually capture 
the field. The establishment of a large black- 


[ and-white photographic industry during tlie 
I same period {particularly in motion-pictures) 
has meant that the successful colour process 
must be utilisablo without radical change in the 
equipment in common use. Otherwdso there is 
no market for the new material until the 
potential users have been persuaded to buy the 
special equipment. This aspect has rendered 
obsolete many elegant processes in which colour 
reproduction was ext;ellent, and has directed 
research to processes which, though very compli¬ 
cated in manufacture, are simple in the hands 
of the user. 

All the processes which have been more than 
laboratory curiosities reproduce the colour of 
photographed objects by automatic synthesis 
from three primaries according to the principles 
of colorimetry. The reproduced colour is a 
visual match for that of the object, but may 
have a very different absorption spectrum. In 
contrast to these subjective processes a few 
objective processes are known which seek to 
reproduce coloured objects by a reconstruction 
of the spectrum of the light from those objects, 
usually by physical means. One of the more 
notable is the Lippmann process (1891) in which 
glass plates coated with a grainless (and hem e 
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extremely slow) colour-sensitised silver bromide 
emulsion in gelatin or albumen were exposed 
through the glass in the camera, the sensitive 
surface being in contact with a mirror of 
mercairy. Under these conditions standing 
waves were set up within the emulsion layer, 
resulting in the formation of latent image in 
layers between the nodes. After development 
the laminae of silver so produced apart were 
in a position to reflect light of the same colour 
as that by which they were formed, since light 
of that colour only was reinforced at each partial 
reflection, light of all other wave-lengths being 
destroyed by interference. The plates were seen 
as coloured positives when examined by re¬ 
flection before a dark background. They could 
not be copied. The micro-dispersion methods, 
in which the light from each point of the object 
was dispersed into a micro-spectrum on the 
plate, have similarly never emerged from the 
laboratory. 

The subjective processes synthesise the repro¬ 
duced colour by mixing coloured light (or equi¬ 
valently, subtracting unwanted colour from 
white light) in proportions determined auto¬ 
matically at each point of the image by the 
relative densities of three photographie separa¬ 
tions, The principles can be properly under- 
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stood only by reference to the science of colori¬ 
metry, which is based on the same experimental 
facts of colour vision. 

The fundamental observation on which colour 
reproduction is based is that any colour can bo 
matched by a suitable mixture of three selected 
radiations. The problem therefore divides itself 
into two aspects, the analysis of the original 
scene colour into throe components or separa¬ 
tions, and the synthesis of the reproduced colour 
by some suitable method in which the separa¬ 
tions are used to modulate the respective 
amounts of three synthesis radiations. The 
principles are conveniently set out in a diagram 
(Fig. 6) due to Wright, c is one point in the 
scene being photographed, and p^, p, are the 
three photographic sensitive surfaces, wliich are 
distinguished from one another by their spectral 
sensitivities, as conferred on them by the com¬ 
bined effects of their inherent colour sensitivity 
and a suitable colour filter interposed between 
them and the incident light. For satisfactoiy 
reproduction of natural colour p^, p*, and Pg 
between them must cover most of the visible 
spectrum, and we will assume that Pj has its 
maximum of sensitivity in the red, pj in the 
green, and Pg in the blue. The records made on 
pj, Pg, and Pg, which to a first approximation 
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may be regarded as records of the red, green, 
and blue light in that point of the object, are 
then caused by a suitable optical or chemical 
process to affect the reproduction modulators, 
R, G, and B, which respectively modulate the 
rod, green, and blue light reaching tlie eye from 
an external source. In colour ])hotography, this 
analysis and s 3 mthesis is effected indei)endently 
for each point of the picture, the geometrical 
relations of one point to another being preserved 
throughout by the photographic nature of the 
processes. 

It is convenient to consider the synthesis of 
the reproduced colour first. For simplicity, an 
additive process, in which light dcrivmg from 
what are effectively t hree independent coloured 
sources reaches the eye after modulation by the 
photographic separations, is fi rst described. "Jlio 
conditions under w^hich a subtractive process, in 
which light from a single source reaches the eye 



Fig 7.—Ciibomatjcity Diagram Showing 
Gamut Enclosed by Additive Stimuli 
R, G, and b. 


after successive subtractions of unwanted radia¬ 
tion from it, becomes equivalent to an additive 
process, are then stated, and the manner in 
which known subtractive processes fail in this 
equivalence described. Means by which the 
limitations and errors of subtractive processes 
may bo reduced are briefly outlined. The whole 
is discussed with reference to the chromaticity 
diagram of colorimetry. 

The chromaticity diagram (Fig. 7) is a develop¬ 
ment of the colour triangle of Maxwell and 
represents by its geometrical properties the 
experimental laws of colour mixture. The 
chromaticity of a colour o is represented on the 
diagram by a point whose co-ordinates x and y 
(and z where are derived by a linear 

transformation from the scale readings of a tri¬ 
chromatic colorimeter, the reference stimuli of 
which have already been evaluated in terms of 
the XYZ system. The actual nature of the con¬ 
ventional X, Y, and z stimuli set up by the Com- j 
mission Internationale de rEclairage, and the | 


reasons of com]>utational convenience which led 
to their adoption, need not bo considered. 
Suffice it to say that all real colours are repre¬ 
sented on the chart by the area bounded by the 
spectrum locus, and the straight lino joining its 
two ends. The geometry of the diagram is such 
that the result of any additive mixture of two 
cliromaticitios o and c' must necessarily be 
represented by a point on the straight line join¬ 
ing o and o', and similarly, any additive mixture 
of three chroraaticities R, g, and B is represented 
by a point inside the triangle rob. The choice 
of the synthesis stimuli r, g, and b, in a process 
of colour photography, must combine satis¬ 
factorily appropriate conditions of gamut, 
brightness, and practicjability. In order to 
reproduce as great a range of colours as possible, 
the area of the triangle with apices r, g, and b 
should be as large as possible, provided that 
colour filters of the chosen chromaticity are 
practical, by reason of the existence of dyes of 
the required colour and stability, and are not so 
dark as to make the reproduction process very 
extravagant in light. In practice, since saturated 
blue-greens are rare in nature, the synthesis 



Fig. 8. —Distribution Curves Combuted for 
Real Additive Stimuli r, g, and b. 


green may be considerably desaturated. Satu¬ 
rated reds and yellows, however, are common, 
and the eg side of the colour triangle must not 
lie very far from the spectrum locus. The 
diagram shows the approximate position of 
synthesis stimuli which have been recommended 
in practice. The synthesis stimuli having boon 
chosen, it is possible to calculate the theoretical 
spectral sensitivities of the analysis systems 
Pj, pg, and pg which will ensure correct repro¬ 
duction of all cliromaticitios inside the triangle 
RGB (Hardy and Wurzburg, J. Opt. Soc. Amer. 
1937, 27, 227). The distribution (», y, and z) 
curves of the C.I.E. reference stimuli x, y, and 
z for the standard observer and the equal energy 
spectrum have been established, and can be 
transformed by purely algebraic processes to 
refer to the actual cht)sen stimuli r, g, and b 
used in the additive synthesis. The graph 
obtained, which is of the form shown in Fig. 8, 
represents the relative amounts of R, a, and b 
required to match each wave-length of the equal 
energy spectrum. An additive mixture of all 
the spectrum light between wave-lengths Aj and 
Ag, will be matched by amounts of R, o, and b 
represented by the areas under the curves 
between the wave-lengths A, and Aj. Any 
additive mixture whatever wm be matched by 
amounts of r, o, and b represented by the areas 
under the curves, due account being taken of 
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negative portions, if the ordinates of the curves 
are first multiplied wave-length by wave-length 
by the corresponding ordinates of the spectral 
energy curve of the source to be matched. If, 
therefore, the spectral sensitivities of Pj, pg, and 
P3 correspond to the distribution curves of r, 
G, and B, and the link between them and the 
modulators of r, g, and u is linear, coloured light 
will produce an efi’ecit in Pj, etc., corresponding 
to the areas under the curves, which translated 
into a modulation of r, g, and b by the appro¬ 
priate linear linkage, will reproduce the colour 
for the standard observer. 

Errors arise from the lack of correspondence 
between the spectral sensitivity curves of avail¬ 
able photographic systems (emulsion plus filter) 
and the theoretical curves, and from the lack of 
linearity in the linkage. In particular, the 
practical impossibility of realising photographic 
recording systems which respond in a negative 
sense to spectral radiation over the wave-length 
range in which the distribution curves arc 
negative, causes errors in the reproduction of all 
colours (including those within the triangle 
RGB) which have light of these wave-lengths in 
their composition. Detailed colorimetric analysis 
enables the nature and degree of the errors in the 
reproduction to be worked out, and reveals the 
possibilities of playing off one typo of error 
against another. Most of the errors result in a 
desaturation of the colours of the reproduction 
as compared with the original (Wright, Phot. J. 
1940, 80, 26). 

The additive processes reproduce the subject 
by the addition, at each point of the image, of 
appropriate amounts of light of the colours 
B, Q, and B. The subtractive processes achieve 
the same result by the superposition, at each 
point of the image, of selectively absorbing sub¬ 
stances which remove from an otherwise uni¬ 
formly illuminated white background the 
appropriate amounts of light of the colours 
B, G, and B recorded by the absence of deposit 
in the colour separation negatives. Analysis is 
conducted in the same manner as for additive 
synthesis, and each separation negative is then 
printed (i.e., its shadows are reproduced) in a 
colour complementary to the taking filter. 
The red separation negative is printed in cyan 
(minus red), the green separation negative in 
magenta (minus green), and the blue separation 
negative in yellow (minus blue). The three 
prints are then superposed. For the system to 
be equivalent to additive synthesis, the three 
dyes or pigments used must be (a) independent 
of each other, i.e., each dye must control its own 
strip of spectrum with no absorption in those 
parts of the spectrum controlled by the other 
dyes; (b) stable, i»e., the chromaticity of the 
equivalent absorbed additive stimulus must 
remain constant for all densities of the minus 
colour; and (c), the dyes between them must 
be capable of reproducing the required gamut 
of colours including black. These three con¬ 
ditions require that the spectral reflectance or 
transmission of the ideal dyes should be as 
represented in Fig. 9, the boundaries of the 
absorption curves being so chosen that the 
chromaticity of the absorbed spectral band is 
that of R, a, or B. 


Dyes of the ideal spectral absorption do not 
exist, lack of colorimetric compliance with con¬ 
ditions (a) and (h) being the chief defects. Non- 
compliance with condition (a) can be remedied 
to some extent by masking, in which the un¬ 
desired adsorption of one minus colour is com¬ 
pensated for by reducing the amount of another 
minus colour printed at the same point. The 
undesired blue absorption of the magenta dye, 
for instance, can be compensated by reducing 
the amount of yellow printed at all points where 
magenta is printed, the reduction being pro¬ 
portional to the amount of magenta. This is 
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done by binding up a positive mask made from 
the green filter negative with the blue filter 
negative before making the yellow print. 
Similarly the unwanted green absorption of the 
cyan dye can bo compensated by reducing the 
amount of magenta. The compensation fails, 
of course, where it requires more than the total 
removal of the yellow or magenta, e.g,, in areas 
where the colours of the subject are more 
saturated than can bo matched by any one'of 
the three dyes or their combination in pairs. 
For many subtractive printing colours, equi¬ 
valent additive stimuli can bo identified such 
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that the unwanted absorption of those stimuli 
by the other two dyes is proportional to the 
concentration of these dyes, for all useful con¬ 
centrations of the dyes. Suitable masking to 
compensate for this unwanted absorption then 
effectively realises stable stimuli, and the sub¬ 
tractive system becomes eciuivalent to the 
additive system. In many cases the ecjuivalont 
additive stimuli of a sot of subtractive printing 
colours, so chosen, lie outside the gamut of 
physically realisable colours, and may reduce 
the negative portions of the r, o, b distribution 
('urves to negligible proportions (McAdam, 
J. Ox5t. Soc. Amor. 1038, 28, dOO). 

In addition to the reproduction of chro- 
maticity, the successful process of colour photo¬ 
graphy must also rej)roduce relative brightnesses 
correctly, an aspect not covered by discussions 
based on the c’hromaticity diagram. In general, 
the same conditions which assure correct tone 
reproduction in black and wliite photograx)hy 
(vScction V, 1). 566a) are required also in colour 
photography. Many of them, as for instance a 
linear relation between cx})osure and the final 
modulation of light in the rcjiroduction, are 
required also for the correct r(^i)roduction of 
c'hromatic'ity. Kven when the colour photo¬ 
graph is produced, various , X)Rychophysictil 
aspects of vision operate to reduce or enhance 
its resemblance to the original scene; e.g., the 
state of adax^tation of the eye, the existence of a 
reference point, such as a white border to a 
colour jirint, etc. These are discussed by Evans 
{ifyid. 1943, 33, 579). 

Practical Colour Photography.— All 

colour processes effect in some manner the above 
three-colour analysis and synthesis, processes 
being judged by their convenience in use and the 
quality of the results they j)rodiice. Sub¬ 
tractive synthesis is usually XJieferred for trans- 
jiarencies and is essential for jirints in order to 
obtain a sufficiently bright image for viewing 
under normal lighting conditions, although it is 
more difficult to reach the standard of colour 
reproduction attained in the additive processes. 
Modern processes may be classified according to 
•whether the three-colour analysis is performed 
by the use of adjacent elements of time, of area, 
or of depth. Each system (disciissed in turn 
below) has its characteristic advantages and dis¬ 
advantages, progress in the art consisting of a 
reduction of the latter while retaining the 
former. 

Analysis by Successive Exposures .—^For sta¬ 
tionary objects, three exposures can be made in 
succession to jwoducc the separation negatives 
on three distinct areas of negative material. 
Suitable clock or motor-driven mechanisms may 
reduce the total exposure to a value where it 
becomes practical for portraiture. The process 
fails for faster-moving objects and cannot be 
used in its mechanised forms except by the pur¬ 
chase of the specialised equipment, which is 
rarely very portable. On the other hand, the 
three negatives can be handled separately by the 
ordinary processes of black and white photo¬ 
graphy and (with a properly computed lens) are 
all of the same size. 

Analysis by Use of Adjacent Areas, —Three- 
colour cameras, in which light beams from the 


object arc diverted by beam splitters to three 
separate areas of sensitive surface, each with its 
appropriate filter, have provided a fertile field 
for inventors and modern examples of such 
cameras are practical, if expensive, pieces of 
apparatus. Commercial examples all have the 
beam-splitting partial reflecting mirrors behind 
the taking lens. The overall speed is apt to bo 
slow, since only j^art of the light traversing the 
lens rcacdios each taking filter, where it is again 
reduced. The negatives may also sufier from 
cok)ur wedging due to alteration in the reflec¬ 
tivity of the mirrors at diflbrent angles of 
incidence. The use of pellicle mirrors, and of 
reflectors so treated as to hiive preferential 
reflection for chosen 8X)0ctral regions, while 
remaining transparent to the others, are com- 
imratively recent advances. 

The mosaic screen processes provide an 
elegant solution to the problem of simultaneous 
analysis and can bo very simply reversed 
(Section 111, p. 563c) to yield a coloured picture 
by additive synthesis. Tlieir simplicity, and the 
fact that they can be used in ordinary cameras, 
have assured them of a steady market. The 
materials consist of a reversible panchromatic 
emulsion coated on a mosaic screen made up of 
juxtaposed minute areas of taking filter. The 
elementary areas arc too small to be resolved 
by the eye in normal vision, and the screen 
appears as a grey, being an additive mixture of 
the colours passed by the filters. On exposure 
through the screen, the latent image produced 
under the totality of elements of any one colour, 
say red, is a (broken) sej^aration record for that 
colour, and similarly for the two others. The 
screen is so fine that it does not significiantly 
interfere with the resolution, for unaided in- 
sx)oction. On reversal, additive synthesis occurs, 
since each broken filter becomes in effect bound 
up with a black positive made from the equi¬ 
valent separation record. 

In an ideal additive j^rocess, as long as the 
points on the chroraaticity diagram representing 
the viewing stimuli enclose the required gamut, 
the spectral distribution of the light passed by 
each is immaterial. Not so with the taking 
filters, which should be such that the effective 
spectral sensitivity of the emulsion-filter com¬ 
bination corresponds with the observer’s colour 
mixture curves for the chosen viewing stimuli 
(and will involve unrealisable negative portions). 
Where the viewing and taking filters are the 
same, as in the reversible mosaic screen pro¬ 
cesses, detailed colorimetric analysis enables the 
best compromise curves to be deduced, and the 
errors resulting from the neglect of the negative 
portions to be evaluated (Harrison and Homer, 
Phot. J. 1937, 77, 706). In general, the theo¬ 
retical requirement that the taking filters shall 
have large overlaps in their curves of spectral 
transmission results in viewing filters less 
saturated than is desirable. The compromise 
restores the saturation by limiting the overlaps, 
with a consequent reduction in hue discrimina¬ 
tion (for coloured light consisting of narrow 
spectral bands). 

The manufacture of the commercial mosaic- 
screen process materials is in many ways a 
technical triumph. The screens may be irregular. 
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and made by dusting a mixture of coloured 
particles (e.gr., starch, gums) on to a tacky sur¬ 
face, followed by roUiiig; or may be regular, 
the throe colours being distributed in a repeating 
pattern by photomechanical or printing tech¬ 
niques. Although the individual elements of 
irregular screens may be much smaller than the 
corresponding elements of regular screens, chancre 
aggregates of elements of like colour may make 
the presence of the screen more noticeable. 
♦Screens made to a very precise regular pattern 
on rigid supports may be used in conjunction 
with a separate panchromatic plate. A normal 
positive transparency made from this is re¬ 
registered with a separate viewing screen. 

An elegant optical equivalent of the mosaic- 
screen ])rocesH, with advantages in ease of manu¬ 
facture, is found in the lenticular process. The 
transparent support of a panchromatic emulsion 
is emboHHod with minute lenticular ridges on the 
back, some 20 per mm. The material is exposed 
in the camera with the emulsion away from the 
lens, and the Icnticulations are so shaped as to 
imag(! the aperture of the ta king lens in the plane 
of the cmnlKion. A banded tri-colour filter is 
placed in tlie front nodal plane of the lens. 

In the camera the main drawing of the imago 
is done by the camera lens, but minute portions 
of tlie picture are analysed into three adjacent, 
areas on the emulsion layer ntider each Icnticulc. 
On reversal and proj(‘ction by means of a similar 
optical system, the colours are additivcly 
synthesised on the screen. In this case the light 
emerging from .the strip corresponding to any 
one separation is bent by the lenti(uile so as to 
fall on the appropriate section of the three- 
handed filter in the projector lens. 

The integral additive systems, thougli lending 
themselves to simple proeessizig by rocogniHed 
black and white techni({U(‘s, are extravagant in 
light on projection (as in the cinema), since the 
brightest white cannot be greater than that pro¬ 
duced by the sum of the light passing the three 
unobstructed filters. The degree of enlargement 
is limited to that point where the mosaic struc¬ 
ture of the material becomes visible. The 
making of duplicates is attended by great 
difficulties, either by reason of desaturation duo 
to the overlapping of the spectral transmissions 
of the fillers (so that the effects of the light pass¬ 
ing the elements of one colour in the master 
cannot he confined to the elements of the same 
colour in the copy), or by the production of 
moir6 patterns due to the combination of the 
two screens. Nevertheless the screen processes 
have wide use for commercial photography as 1 
originals for photomechanical reproduction and 
guides for the colour etcher. For such uses the 
practicability of immediate processing in the 
photographer’s darkroom is a decided advantage. 

Analysis in Depth .—^Analysis by means of 
superposed emulsions, each effectively sensitised 
so as to record one separation, utilises the taking 
light with fair efficienc}^ and the superposition 
of the records is a construction ideally suited 
for subtractive synthesis of the photographed 
colour. These advantages have only become 
accessible within recent years with the successful 
devolopmcmt of mfeans of processing the in¬ 
dividual layers of an inseparable tripack to the 


required minus colour. Previous attempts to 
use tripack constructions which were separated 
for processing have had little (iommorcial success 
as they have forfeited the advantage of auto¬ 
matic register while the necessity of supporting 
each emulsion on a support wiiich would stand 
the processing operations without distortion has 
diff used the definition of the rear records. This 
is the more serious as one of them is the red 
record printed in cyan, a colour in which lack of 
definition is readily scon. In a tripack both the 
green and red sensitive emulsions must b«^. pro¬ 
tected from blue light by a yellow filter in¬ 
corporated in the pack behind tiio blue sensitive 
layer, which comes first. 

A combination of a bipack with a beam splitter 
to make the third separation improves the 
definition as the emulsions of the bipack may 
be coated on normal support and exposed face 
to face. The beam splitter is simple as it only 
involves one mirror, or prism. This system is the 
basis of “ Technicolor cinematography on the 
taking side. Its need for a spiicial beam-splitter 
camera, however, has limited its commercial nse 
substantially to this particular field. 

The integral tripack or monopack avoids these 
difficulticiS by the use of three differently sensi¬ 
tised emulsions, (5ach some 5p. thick, on top of 
one another on the same side of a support. The 
layers are processed directly to positive coloured 
part images. The optical contact between 
them and their small thickness gives good 
definition, while register is automatic and the 
eomphffe protluct usable in any normal camera 
without changes Given satisfactory speed anti 
(colour rendering, thc^se arc the ingredients for a 
commercially successful process, as the pro¬ 
cessing of the exposures can be done as a factory 
operation under st'icntifie control, whiles the fina l 
.subtractive result requires the purchase of no 
special viewing machinery or extra light. 

Most of the processes on tht'. market at the 
time of writing (1045) utilise the technique of 
coupling colour dcsvelopmont for the preparation 
of the minus-colour positive images-in each layer 
of the tripack. This technique, the chemistry 
of which is discussed below, produces a dye 
image in situ with a silver image in a photo¬ 
graphic ernulsioii by coupling the oxidised 
(lovcloper with an added coupler. The rise in 
the importance of this process concurrently with 
the monopack materials is due to properties 
which make it peculiarly suitable for the pro¬ 
duction of colour images in the inseparable 
layers of a tripack. These are (a) the possibility 
of including colourless couplers in each layer 
before exposure, whore they remain harmlessly 
in wait until coupled with the imagowiso pro 
ducod oxidation products of a single developer 
applied to all three hiyers, (b) the convenience of 
processing a latent or silver salt image to colour 
in one stop, and (c) the immunity of an image 
processed to colour in one layer from replace¬ 
ment or destruction by different colour-forming 
agents of its own kind applied for the purpose 
of colour development in an adjacent layer. 
The manufacture of a multi-layer monopack 
material by the successive application of thin 
red-sensitive, green-sensitive, and blue-sensitive 
emulsions to a support, with a bleachable yoUow 
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filter layer between the blue- and greon-son«itive 
layers, and the balancing of the emulsions for 
speed and contrast, are difficult but non-novel 
extensions of black and white practice. Jt is the 
differential imagewise colour formation in each 
layer rendered possible by the properties of 
colour development listed above which makes 
the process practicable. 

Existing systems may be classified as to 
whether the couplers are included in the layers 
during manufacture, or are present in the 
developing baths alone. The former system 
facilitates processing as the distribution of the 
right minus colours to the right layers is auto¬ 
matic on development in one bath. Its success¬ 
ful realisation by the discovery of couplers sub 
stantive to gelatin, or by the device of the pro¬ 
tected coupler (in which the couj)lor is dissolved 
in minute j)articleH of an immiscible transparent 
organic material dispersed throughout each layer) 
(B.P. 505834), has involved an enormous amount 
of research. V\’ithout those features the couplers 
trespass into the wrong layers or are lost in the 
baths. On the other haml, such bound cou]>lers 
may be incapable of yielding dyes of such good 
colour or stability as those afforded by the 
second system, where both the developing agent 
and the coupler can bo chosen for dye colour 
and stability without reference to the effects of 
the chemicals on the keeping properties of photo¬ 
graphic emulsions, or the effects of couplers 
retained in tlu^ film on the lights of the coloured 
picture. With this latter technique the appro¬ 
priate developers must be made to acd- in the 
right layers by the use of baths of limited rate 
of diffusion, or by the utilisation of the sensitivity 
of the layers to printing lights, the action of 
which is confined to the appropriate layer by 
reason of its colour sensitivity, or by reason of 
temporary screens between layers produced in 
processing and provided for in the construction 
of the material. For the controlled diffusion 
method, solutions of reagents in organic solvents 
containing a small proportion of water are 
applied to tlTo dried film. The water slowly 
swells the gelatin from the top downwards, the 
reagents acting only on the swollen layer or 
layers. The solutions may be developers that 
act only on the upper layer or layers, or they 
may be bleachers that remove the incorrect dye 
images from the upper layer or layers, leaving 
the lower layers unchanged. The bleach may 
bo designed to convert the silver associated with 
the dye in the bleached layers to a silver salt 
which can subsequently bo redeveloped to a 
different colour. For one form of the selective 
exposure method applicable to reversal film, the 
sensitisers and filter layer are selected so as to 
survive the first development. The film is then 
exposed through the back to red light, which 
affects the residual silver bromide of the bottom 
emulsion alone, and is developed in a cyan 
colour developer. Exposure from the front to 
blue light follows, followed by development of 
the residual silver bromide of the top layer to 
yellow. The middle layer residual silver bromide 
can then be developed to magenta. Removal 
of all the negative and positive silver in a bleach 
which does not attack the dyes completes the 
process (Mees, Phot. J. 1942, 82 , 300). These 


monopack pictures can be readily duplicated, or 
may bo used in a negative-positive procedure. 
In the latter case the colours developed in the 
various layers of the negative need not bo com¬ 
plementary to their spectral sensitivity, nor the 
sensitivities of the layers of the print material 
complementary to the yellow, cyan, and magenta 
colours developed in them. All that is necessary 
is that the absorptions of the dyes in the rod, 
green, and blue separations of the negative 
material should register only in the layers of the 
print developed respectively to cyan, magenta, 
and yellow. 

A different scheme for obtaining a subtractive 
colour picture in a monopack material is due to 
Gaspar, Christensen, and others. This depends 
on the destruction of uniformly distributed dye 
in those regions where there is a negative silver 
image. The presence of a dye in each layer, 
complementary to the colour for which the layer 
is sensitised, reduces the speed and contrast, 
since the light absorbed by the dye cannot con¬ 
tribute to latent image formation. As a remedy 
for this condition, Gaspar proposed sensitising 
each layer for a spectral region transmitted by 
it and by the overlying layers. For example, in 
one arrangement of a printing material for coat¬ 
ing on paper, the top layer was dyed cyan and 
contained a silver chloride emulsion sensitive to 
green but not to blue, the middle layer was dyed 
magenta and contained a blue-sensitive silver 
bromide emulsion, and the bottom layer was 
dyed yellow' and semsitive to infra-red. Prints 
were to be made on this paper from a camera 
material in which the top layer was blue 
sensitive, but was undyed at the time of ex¬ 
posure, the dyo being introduced in the course 
of processing. This dye was of a cyan colour 
with considerable absorption in the infra-red. 
The middle layer was green sensitive and con¬ 
tained a yellow dye; the bottom layer red 
sensitive wdth a magenta dye. This camera 
material was processed to a positive in false 
c'olours, which were corrected in the print (.9ee 
B.P. 408991; 409287; 415040; 483306; 

485552). Alternatively, colourless dye-formers 
are added to the layers. The dyes are synthe¬ 
sised uniformly after exposure and then bleached 
in situ w ith the negative image (B.P. 503873; 
488853; D.S.P. 2106049). 

Chemistry of Various Methods of 
Obtaining Minus-Colour Images. 

Coloured prints from separation negatives can 
bo made by a variety of procedures, the final 
step in each method requiring the superposition 
of the three minus-colour positives in register 
on one support. Excellent results have been 
attained by the use of Carbon and Carbro as out¬ 
lined in Section VI, the pigment tissues being 
specially chosen for three-colour synthesis. Un- 
pigmonted reliefs prepared by the same reaction, 
or directly in silver halide emulsion layers by 
the action of tanning developers, or hydrogen 
peroxide etch bleaches, or by the reduction of 
dichromates by the developed silver, are used 
in transfer or imbibition printing to transfer a 
regulated amount of dye to a final support. 
Except for the etch-bleach method, in which an 
acid solution of hydrogen peroxide destroys the 
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gelatin in situ with the silver image, the ex¬ 
posures must be made through the support, 
otherwise the t?nned gelatin produced with the 
silver image will float away when developed in 
hot water. When developed, the relief or matrix 
is dyed up in the appropriate colour, the dyes 
1X86(1 being mostly acid wool dyes chosen for 
their colour, fastness, and rate of transfer. The 
dye bath must be acid to fix the dye to the 
gelatin, the amount of acid determining the con¬ 
trast of the image in a given matrix. The dyed 
and still wet reliefs are then put down in turn 
onto a mordanted blank gelatin layer, which 
forms the image-bearing layer of the final colour 
print or film. The alum mordant is necessary 
to assist transfer and to prevent diffusion and 
loss of definition. This system is used for making 
the release prints of “ Technicolor ” cinemato¬ 
graphy. Prints have also been made from plano- 
grajihic matrices in which the degree of tanning 
varies imagewise from point to point, but the 
iintanned gelatin is not removed by hot water. 
Special dyes which only stain the untanned parts 
are rec^uired for this procedure (“ Pinatype ”). 

Chemical toning is also practised for colour 
jxrint making, the images being converted into 
coloured insoluble metallic salts, usually by way 
of a silver ferrocyanide image, c.g., lead chromate, 
cadmium sulphide, vanadium ferrocyanide, 
mercuric iodide for the yellow; nickel dimcthyl- 
glyoxirao for the magenta; prussian blue for 
the cyan. Some form of stripping material 
must be used so that a final print may bo as¬ 
sembled from the three toned silver images. 
Some of the above toned images are only 
approximations to the right colours and are aj)t 
to be opaque. Chemical treatment of a silver 
imago to convert it into a mordant for basic 
dyes, which are washed out of the non-imago 
bearing gelatin, forms another procedure for 
making colour prints. Among ,the mordants 
])roduced in this w^ay are cupric ferrocyanide, 
cuprous thiocyanate, and silver iodide. The 
opaque mordant can sometimes bo removed after 
fixing the dye by treatment of the whole layer 
with tannic acid. Alternatively, the mordant 
may bo made in a transparent form by choosing 
the conditions so that it is precipitated as a very 
fine-grained colloidal dispersion, e.g,, the iodine 
bleach used for converting a silver image into 
1 he iodide is compounded with a largo excess of 
potassium iodide (B.P. 100098). The mordant 
processes suffer from the indifferent fastness of 
basic dyes and the difficulty of ensuring a con¬ 
stant relation betw’ecn the amount of dye 
absorbed and the silver image. All the processes 
which employ separately produced part images 
are apt to run into difficulties of registration, 
due to the uneven expansion of paper and film 
supports. An elastic support (such as regener¬ 
ated cellulose) may be deliberately intro(luced 
at one stage so that later images transferred to 
the final support may be accurately registered 
with the earlier by slight local stretching. 

Chemistry of Colour Development .—^Although 
coloured images can be formed by the oxidation 
of the developing agent alone at the site of 
development, this “ primary ” colour develop¬ 
ment has not been used in commercial processes. 
Agents for achieving suitable images for three 


colour photography are described in a number 
of patents; e.g., substituted naphthols, especially 
amino-naphthols (B.P. 498869), various amino- 
P3rrazoloncs (B.P. 459GG5; 4G100G). The dye 
is formed by condensation of a molecule of the 
oxidised agent with another unchanged molecule 
or with another of its own kind. 

The technique of coupling or “ secondary ” 
colour development has been the subject of a 
groat deal of research, its results being recorded 
in a mass of patent specifications (some 130 
British patents alone). Many of these are con¬ 
cerned with properties of the system which 
make it more suitable for the development of 
coloured images in the layers of an integral 
tripack; e.g., the attachment of special groups 
to the molecule of the coupler so that it becomes 
so large as to bo fast to diffusion. The group¬ 
ings proposed are many : radicals of diphenyl, 
stilbene, azoxybonzorie, bonzthiazolo, certain 
[ phenols, aryl ureas, oxynaphthoic acid amide 
(B.P. 458400); the radicals decyl, stearyl, and 
oleyl (B.P. 4G5823); highly polymeric car¬ 
boxylic ac ids (B.P. 479838); carbohydrate 
residues (B.P. 483000); polypeptide residues 
(B.P. 481G98); sterol residues (B.P. 489093), 
chain molecules in w^hich the colour-former 
grouping occurs several times periodically (B.P. 
489161; 550768); resin residues (B.P. 489274); 
resinous couplers (B.P. 5G2675; 543290; 

535341). Other yjatonts deal with various 
practical aspects (ff the device of the protected 
coupler; e.g., the choice of resins (B.P. 53G329 ; 
524554; 544064); the inclusion of couplers in 
insensitive layers adjacent to the sensitive layers 
(B.P. 503752; 551117). 

In considering the nature of colour develop¬ 
ment, however, a similar listing of specific 
recommendations is impracticable, as some 
hundreds have been proposed in patents, most 
being concerned with substitutions and groups 
in parts of the molecule remote from the re¬ 
active centre, such substitutions being made in 
the interests of improved colour or stability of 
the dye. Despite the multiplicity of such pro¬ 
posals, the dyestuff formed has the general 
structure 

/R 

R'N.C; 

\R' 

where R^ is in general an amino-bcnzeiio radical 
or derivative, derived from the developing agent, 
and R and R' are part of the coupler molecule 
and may be a ring closure. The —^N:C ™ group¬ 
ing is characteristic of these “ azomethino ” 
dyestuffs and is the chromophore in them. The 
dye is formed by the coupling of a reactive 
methylene group in the coupler with an amino 
group in the developer, both reactive hydrogens 
being oxidised off by the silver halide : 

/-\ 

Me,N< >NHa -h H^C( + 4Ag+ 



+ 4Ag + 4H+ 
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This is similar to a condensation discovered by 
Ehrlich and Sachs (Ber. 1899, 32, 2341), in which 
the unsubstitiitod amino group of the above 
equation is n^placed by nitroso : 

)nO + HgCf 

N:C( + H^O 

The application of these reactions to the pre- 
I)aration of dye images in photographic layers 
was first described by Eischer (B.P. 15055, 1912; 
2562, 1913). 

For the developer portion R", aromatic 
ortho- and para-diamines are used; c.g., p- 
dimethylaminoaniline and exlenHively sub¬ 
stituted analogues (<’.(/., 2-amino-5-diethylamino- 
toluene; 1-acctoacetyl-p-phenyIencdiamine). 
The substitution may take the form of a hetero¬ 
cyclic ring fused to the benzene ring, e.g., 

-N 

X 

where the R—N portion of the ring can bo any 
of a number of groups, all completely hydro¬ 
genated (U.S.P. 2196739). X may be an alkyl, 
hydroxy-alkyl, or allyl group, or a hydrogen 
atom. 

For the coupler portion 



R and R' may be the adjacent carbon atoms 
of a benzene ring, e.g., phenolic bodies, the 
resulting dyestuffs of the indoanilinc or indaminc 
types being in general less stable than the 
azomothine dyes formed from couplers in whi(!h 
the hydrogens of the methylene group arc 
rendered reactive by linkage to R and R' 
through cyano, carbonyl, etc. R and R' may 
be atoms of a heterocyclic or 5-membered 
carbocylic ring; e.g., pyrazolone, coumarone; 
the former being particularly valuable for the 
magenta colours (U.S.P. 1909479). R may be 
a single atom or simple group, the colour of the 
dye being determined by the complexity of R', 
e.g.f R cyano; R" nitrophenyl, acetyl, benzoyl, 
and other complex hydrocarbons linked through 
carbonyl. Both R and R' may be complex 
groups linked by carbonyl, as in acetoacet- 
anilide, benzoylacetone, acetoacetaminophenyl- 
morpholine. R may be as above, R' a complex 
heterocyclic group, as in 3-phenyl-6-acetonyl- 
l:2:4-oxodiazole. Other examples and a review 
of the literature are given by Tull (Phot. J. 1945, 
86 B, 13), who also discusses the mechanism of 
the reaction. The baths are prepared with a 
small quantity of sulphite, and the coupler 
added just before use. in alcoholic or caustic soda 
solution; 


The dye-bleaching processes depend upon the 
local destruction of uniformly distributed dyes 
in the presence or absence of the silver or silver 
salt image or of a conversion product of such an 
image. In the most important of these pro¬ 
cesses, either a silver image is used as a catalyst 
for the destruction of dyes in a solution of a 
reducing agent, or a silver image is itself used as 
a reducing agent under suitable conditions sup¬ 
plied by a bleaching solution. Certain dyes are 
destroyed by hydrosulphite only in the presence 
of the silver (Christensen, B.P. 133034). In 
B.P. 395718, 397159, 397188, Caspar describes 
imago formation by the destruction of acid-azo 
and other non-leuco forming dyes by means of 
acid solutions of thiourea, semicarbazido, guani¬ 
dine, etc. Other reducing agents are given in 
B.P. 397188. 397192. These last destroy the 
dye in situ with the undeveloped silver halide, 
and thus give a negative imago from a negative. 
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PHOTOSENSITISATION {v. this V(d., 
p. 5915). 

PHOTOSENSITIVITY OF DYE- 

ST U FFS . One of the most important qualities 
which a dyestuff can possess is that of resistance 
to fading when exposed to light. However 
desirable its other properties may be—brilliance 
of shade, case of application, fastness to washing 
—if it is fugitive when exposed to light its useful¬ 
ness is severely limited. Many of the early 
synthetic dyes, especially the so-called ** aniline 
dyes,” faded very quickly, and echoes of the bad 
reputation they earned can still be heard. There 
are now, however, ranges of synthetic dyes /or 
alniost all purposes of very high fastness indeed. 
This has come about mainly through the dis¬ 
covery of new classes of dyes, or of new variants 
of known classes, having inherent light fastness, 
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not because any deep understanding has been 
achieved of the hiding process or its prevention. 
Perhaps because of the success of the empirical 
method of a 7 )proacli, scientific research on the 
complex subject of the photochemistry of dyes 
has not been pursued far. Nevertheless it is 
true that many of the fastest dyes are expensive, 
and it would be an outstanding achievement if 
methods could bo discovered to make some of the 
cheajier dyes resistant to fading. 

Although fading is the most obvious, it is not 
tfjo only manifestation of the effect of light on 
dyes. The photosensitivity of dyes may be 
manifested by the following phenomena : 

1. FluoresccTU'C. 

2. Phototrop}^ a niversible change of shade 

or hue. 

3. Fading, ?.f., permanent change in shade, 

generally culminating in complete de¬ 
struction of the colouring matter. 

4. Photosensitisation, hy which the irradiated 

dye induces chemical changes in its 
cnvironmcMit, c.g.^ in tlie substrate. 

It is not proposed in this article to discuss 
liiiorescence, although there may eventually be 
foimd to bo a close connection between this 
])lienomenon and that of fading. A short ac¬ 
count of phntotroj)y will be given, but most 
attention wall be coneentratod on fading and 
photosensitisation. 

P110T0TH()J>Y. 

►Some dyes undergo a ra})id change of shade 
when exposed to bright light on a fabric, the 
original shade heiTjg gradually restored when the 
light source is removed. This jihcmoraenon is 
shown, c.f/., by ccu’taiu Him})le azo dyes derived 
from ju-aminoazoheiizone, especially w'hcn dyed 
on acetate rayon. It has led to the rejection for 
technical use of some otherwise desirable dyes, 
for clearly such dyes would give a jmtchy appear¬ 
ance to an article exposed unevenly to light. 

liie cause of phototropic change is not by any 
means understood. Superficially there would 
appear to bo a disturbance of equilibrium con¬ 
ditions between two differently coloured isomers 
by the action of light. It was shown by G. S. 
Hartley that azo benzene changes on exposure to 
the light from its normal trans-iorm to a mixture 
of isomers containing a ma jor projiortion of the 
stereoisomcric ci^-form, the two forms having 
different absorption spectra. Hydroxy- and 
amino-derivatives of azobenzene apparently 
undergo a similar transformation but the cis- 
forms of these are less stable than ci5-azobenzcne 
and revert so quickly to the trane-form that they 
cannot be isolated (J.C.8. 1938, 634; see also \ 
A. H. Cook, ibid. 1938, 877). There is not yet, 
however, any evidence that the phototropic 
change of azo dyes on the fibre is due to this 
trans cis isomerisation. The phenylhydra- 
zones of some aromatic aldehydes, which are 
chemically closely related to azo dyes, have long 
been known to bo phototropic and have been 
studied by several workers. Graziani showed 
that the phenomenon is influenced by substitu¬ 
tion in the* aromatic nucleus. Benzaldehyde- 
phenylhydrazono is phototropic, but chlorine in 


the o-position in the aldehyde nucleus inhibits 
phototropy and in the w-position enhances it 
(Atti R. Acad. Lincei, 1913, [v], 22, i, 623). 
According to 8tobbe, the jjhototropy of beiiz- 
aldehydej)henylhydrazone in alcohol does not 
occur in absence of oxygen. The same author 
has examined the phototropy of 4:4'-diamino- 
8tilbene-2;2'-disnlphonic acid and its derivatives. 
The diacetyl derivative and its salts, for in¬ 
stance, are strongly phototropic, and again 
oxygen is found to accelerate the colour change 
(Bor. 1913, 46, 1 226; sae also Aniialon, 1968, 
359, 37). There is evidence, therefore, that 
phototropy is not a jmrely physical phenomenon. 

THE FADING OF DYES. 

In spite of its tccdinical importance there is 
no comprehensive acc'ount in any textbook of 
the fading of dyestuffs, or of tlie study whicih 
has been from time to time devoted to the sub¬ 
ject. The j)ul)lishcd information is to be found 
widely scattered in a variety of journals, 
seientifie and technical. 8cientirj('ally con¬ 
sidered, the sulqect is a hraneh of photo¬ 
chemistry, and although this science, alongside 
that of sjiectroscopy, has made great advances 
during the past 20 years, it has not yet got beyond 
the stage of interpreting photochemical reactions 
of a very simple character, mostly those taking 
place ill the vapour phase. On the technical 
side, most attention has been given to standard¬ 
ising the methods of evaluating the fastness to 
light of dyes, and to discovering by empirical 
methods, guided by experience, new^ dyes having 
better fastness than those already known. 
Study has also been made of the factors govern¬ 
ing fading, and attempts have been made, with 
some success in a few ca.ses, to disitovcif methods 
of treating dyed fabrics to improve their 
fastness. 

The Tkciinoi.ooical Assessment of the 
Lkjht-fastness of Dyes. 

Both the manufacturer and the user of dyes 
need a standardised technique for determining 
how resistant a dye will prove to the aedion of 
light. He must be able to compare one dyestuff 
with another and, in addition, it is desirable to 
have a quantitative scale to express the fastness 
of a dyestuff. Experience has shown that the 
latter is heat done by reference to a scale of 
fastness represented by a range of standardised 
dyeings varying from the very fugitive to the 
very fast. Many years of careful experiment 
have been devoted to devising satisfactory tests 
and a set of standards, in England by a com¬ 
mittee set up in 1927 under the auspices of thc'. 
Society of Dyers and Colourists, w hich published 
its findings in 1934, and in Germany by an 
Echtheits-Kommission which was formed in 
1911 and has published reports at intervals, the 
last in 1936. Similar work has been done in 
America. This work has had to take into ac¬ 
count the many complex factors affecting the 
fading of dyestuffs, a thorough understanding 
of which is necessary if the implications of a test 
are to be fully appreciated. 

The technologist is not concerned with the 
stability to light of a pure dyestuff in substance, 
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but with the fastness of a dyed textile fabric or, 
in the case of a paint or pigment, with the 
fastness of the pigment, which may itself be a 
complex of dye and substrate, in a particular 
medium. It is quite common for a textile dye 
to show very different behaviour according to 
the material on which it is dyed, whether this 
be a cellulose fibre such as cotton or linen, a 
protein fibre such as wool or silk, or a synthetic 
material such as one of the rayons or nylon. It 
has re(^ently been found, for instance, that 
dispersed dyes on nylon are less fast than the 
same dyes on cellulose acetate rayon (Abbot, 
d. Soc. Dyers and Col. 1944, 60, 57), whilst the 
difference in fastness between dyeings of the 
same dye on wool and cotton has long boon 
recognised. Mordant dyes 'will vary in fastness 
according to the mordanting agent used, and 
pigment dyes acciording to the sulistrate and the 
vehicle in which they arc suspended. In practice 
sunlight or diffused daylight is generally the 
fading agent, and the amount of fading will be 
affected by the intensity of the light, by the 
latitude of the station where the exposures are 
made, and by elevation above sea-level. The 
humidity of the atmosphere is, for many dye¬ 
stuffs, of great importance, humid conditions 
favouring more rapid fading. The presenc^e of 
industrial gases in the atmosphere, such as sul¬ 
phur dioxide, hydrogen sulphide, and oxides of 
nitrogen, is liable to influence fading, sometimes 
profoundly with certain chemical types of dye 
and certain substrates. Temperature, although 
not an important factor where simple photo- 
(Iiemical change is concerned, may have an im¬ 
portant influence on the complex systems under 
consideration, and in making exposure tests 
heating must be prevented. The presence of 
associated, non-coloured substances on a dyeing 
may influence fading (see later) and the acidity 
or alkalinity (pH) is an important factor. The 
physical condition of the substrate is another 
factor to be reckoned with, and in preparing 
samples for test the specification should describe 
the exact nature of the material to be used. The 
quantity of dyestuff on the patterns is also im¬ 
portant, since generally a heavy shade is faster 
to light than a pale shade on the same substrate. 

Practical Methods of Making Light 
Tests. 

The method of carrying out light-exposure 
tests depends to a considerable extent on the 
number of patterns involved, the facilities avail¬ 
able, and the type of information required. 
Under the most favourable circumstances the 
patterns may bo exposed in the open to direct 
sunlight without protection, but this requires 
the keeping of a continuous watch so that the 
patterns may be protected if the weather 
deteriorates. It is the usual practice, except 
where information on weathering is required, to 
expose the patterns continuously at an angle of 
45° facing south under glass and to arrange for a 
free circulation of air around the exposed 
material. Other angles and directions of ex¬ 
posure are sometimes preferred according to 
individual circumstances. Jn carrying out tests 
under glass, the rate of fading is much reduced 
if the glass is allowed to become dirty, so that 


frociuent cleaning is necessary. A portion of 
each pattern is covered or protected from the 
light to serve as a comparison against the faded 
portion or portions. It may be desirable that a 
stepwise fade should be obtained for compara¬ 
tive purposes, and for this purpose after a suit¬ 
able time of exposure a portion of the originally 
exposed pattern is covered with an opaque mask 
such as black paper, and the exposure of the 
remainder is continued. Whore a considerable 
number of patterns is involved all should be 
covered at the same time so as to make the test 
comparative. In deciding when the exposures 
are ripe for assossraeiit, the factor of personal 
judgment and the particular requirements of 
each sot of tests come into play and must 
re(!eivc consideration. 

The rate of fading by exposure to sunlight will 
vary (considerably with the latitude and the 
time of the year. In northern latitudes, e.g.^ 
little fading occurs between October and April 
except of very fugitive dyes. For many 
practi(‘.al purposes a rapid estimation of light 
fastness is essential and much attention has 
boon devoted to the development of instruments 
generating light equivalent in fading action to 
the midsummer sun and suitable for continuous 
operation. Although it cannot yet bo said that 
complete success has been achieved, several 
instruments are now regarded as giving results 
of satisfactory commercial and technical value. 
In Croat Britain the “ Fngitometer ” is recom¬ 
mended by the (Society of Dyers and Colourists 
for accelerated fading tests, while the American 
Association of Textile Chemists and Colorists 
recommends the “ Fadeometer.” The relative 
fastness of dyestuff’s using these artificial light 
sources is not always found to be the same as 
when using sunlight, no doubt because the 
distribution of light intensity in different parts 
of the spectrum is not the same. 

In the early development stages there was a 
distinct difference between the above two in¬ 
struments for, although both utilised the violet 
carbon arc as the light source, the only humidify¬ 
ing device in the Fadcomoter was a shallow 
trough of water placed below the arc, whereas in 
the Fugitometer the question of humidity had 
been carefully studied and a really serious effort 
was made to obtain a fair degree of control over 
this factor by fitting special humidifying 
apparatus. As the factors affecting light fading 
have become more clearly understood, the two 
instruments have undergone continuous modifi¬ 
cation and the latest models function in a similar 
manner, both having the same source of light, 
both being fitted with temperature and humidity 
controls, and both having the means for rotating 
the test exposures round the arc. 

A high intensity are lamp in use at the British 
Cotton Industry Kesearch Association laboTa- 
tory for fading tests has been described by H. 
Hunter (ibid. 1940, 56, 64). 

The Fugitometer (Kelvin, Bottomley, and 
Baird, London and Glasgow). 

This machine designed by the Woollen In¬ 
dustries Research Association (see ibid, 1928, 44, 
207) utilises a carbon arc lamp with a con¬ 
tinuous burning period of 18-20 hours, the size 
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of the arc being approximately 1 in. The arc 
lamp is surro’indod by a cylindrical cold water 
bath for cooling purposes, which feeds another 
shallow water bath fitted with a constant-level 
device, electric immersion heater and thermo¬ 
static control. In conjunction with a small, 
variable speed, electric fan this second water 
bath enables the flow of humidified air over the 
patterns to be controlled. 

The dyed patterns to be examined are placed 
in fifteen special containers which are suspended 
on the inside of the outer casing of the machine 
and revolve slowly round the arc. No glass is 
used in the exposure frames, which simply screen 
a portion of the test samples and freely expose 
the remainder. 

The Fa deometer (Atlas Electric Devices Co., 
Chicago, Ill.). 

This machine also employs an enclosed carbon 
arc lamp similar in design and principle to the 
Fugitorneter lamp. The ventilating system uses 
filtered air and the temperature is controlled 
automatically to within by means of an 

electric blower and dial typo thermo-regulator. 
A water reservoir forms the base of the testing 
chamber and into this dip wicks stretched over 
wdre frames of stainless steel. Water is 
evaporated from these wicks by the filtered air 
and so the exposures are conducted under con¬ 
trolled conditions of temperature and humidity. 

The number of specimens to be tested simul¬ 
taneously may be varied from 21 to 12b depend¬ 
ing upon the size chosen. Standard holders and 
masks for a variety of materials are provided 
and are hung in the testing chamber on an 
annular frame which rotates round the lamp at 
constant speed and at a fixed distance of 10 in. 

An exposure time switch provides an auto¬ 
matic means of shutting off the Fadeoraeter at 
any predetermined time within 24 hours and also 
records any interruption in electric service. 

The Light Fastness Scales in Use. 

By any of the above practical tests it is com¬ 
paratively easy to determine whether one dye¬ 
stuff is faster to light than another when applied 
to the same substrate, but it is much more 
difficult to assign quantitative values to the 
respective degrees of fastness which will have a 
significance apart from the particular test. If 
the quality of sunlight and the conditions of 
exposure were always the same it might be 
I)ossiblo to build' up a scale of light fastness 
related to the number of hours or days of ex¬ 
posure or to the quantity of sunlight falling on 
the specimens which is required to produce a 
given fading effect. In practice, however, the 
sunlight varies considerably in effect and its 
fading power is difficult to measure accurately. 
In addition, it is not at all easy to assess quanti¬ 
tatively “ a given fading effect.** Accelerated 
fading instruments were at one time considered 
to have advantages over sunlight for standard¬ 
ising exposure tests and grading light fastness i 
according to hours of exposure; indeed, the 
Fadeometer-hour system is still accepted in the 
United States as a reference standard by trade 
associations and other interested bodies, but 


experience of their use has brought out two im¬ 
portant defects. First, for any given instru¬ 
ment the fading produced in a stated number of 
hours is a variable and not a constant, and, 
second, the fading produced in a stated number 
of hours varies with the instrument. 

For these reasons various technical associa¬ 
tions and societies throughout the world have 
given much attention during the last 30 years to 
the question of fixed standards of reference. In 
the case of textile materials the Society of Dyers 
and Colourists in this country is responsible for 
sotting up ststndards which are generally ac¬ 
cepted for textile purposes throughout Britain 
and the British Empire. The present standards 
consist of dyeings on wool of eight blue dyestuffs 
Avhich form a graded series of light fastness to 
which the numerals from 1 to 8 are assigned. 
The 1 standard represents the most fugitive 
grade and the 8 standard the highest grade of 
light fastness. Wool is the universal choice of 
fibre on which to prepare standard dyeings, 
since humidity and other factors have less in¬ 
fluence on the fading of dyed wool than on any 
other fibre. 

In use, the standards are always exposed to- 
getlier with the materials to be tested and the 
fastness of each unknown sample is equated 
against that one of the standards which is con¬ 
sidered to have faded to the same extent. As¬ 
sessment of a number of patterns against the 
standards is facilitated by a graduated fade 
obtained by covering all exposures at suitable 
intervals of time. 

Standards very similar to the British are 
accepted on the continent of Europe and in the 
United States of America. Eventually it is 
anticipated that international standards will bo 
set up for textile materials at least. The 
standards mentioned have been, and still are, 
subject to alteration designed to effect improve¬ 
ment, and are not regarded by their sponsors as 
being in any sense final; indeed, the American 
Association of Textile Chemists and Colorists 
is at present (1946) considering the setting up of a 
series of standard reference patterns obtained 
by mixing together in suitable proportions wool- 
slubbing dyed with a fugitive and a fast dye¬ 
stuff respectively, so that a clear departure from 
precedent is contemplated. 

To give an idea of the relation between the 
standards of fastness, 1-8, some German work 
may be quoted. The eight German standards, 
blue dyes on wool, show appreciable change after 
the following times of exposure (in “ bleach 
hours*’): 1, 3*5, 6, 18-5, 41*6, 60, 100, 138-5 
hours ; and the British standards are the same, 
except that the figure for No. 6 is rather higher, 
69-5 instead of 60 hours (I.G. Farbenind. A.-G., 
Textilber, 1932, 13, 539 ; H. Ris, ibid. 1937, 18, 
93, 161). 

Outside the textile industries there are as yet 
no accepted standards for coloured materials of 
leather, paper, and the like, although in some 
cases sections of these trades may make use of 
the textile standards. For paints and printing 
inks the scales in use are by no means so well 
characterised and defined as the textile ones, but 
the basic principles are the same, involv^ as 
they do the selection of graduated seriesof 
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reference samples which arc exposed along with 
the specimens under tost. One scale employed 
is on a 1-10 basis, whore 10 represents the maxi¬ 
mum light fastness and is obtained by the use 
of a madder lake; the remaining grades, how¬ 
ever, are not associated with any particular 
dyestuffs, pigments, or lakes. 
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Fa r bo u. Lack, 1934, No. 6, (55 ; No. 7, 79. 

Measurement of Light Fastness.— Textiles, 
H. Hunter, J. Soc. DytTs and Col. 1940, 56 , 64; 
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Committee for Dyestutfs and Textiles of the 
Soci(dy of (4erman Chemists, 1939, published by 
Verlag Chemie, G.m.b.H., Berlin; Year Book 
of the American Association of Textile Chemists 
and Colorists, 1930-31 et seq., piiblished by 
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J. 8oc. Dyers and Col. 1940, 56 , 273 ; A. Wahl, 
Rev. Gen. Mat. Col. 1930, 40 , 140; W. D. Appel. 
Amer. Dyestuff Rep. 1038, 27 , 15 ; H, Christisori, 
ibid. 1944, 33 , 33. W. H, Cady, ibid. 1944, 33 , 
29, reviews whole subject of light fastness and 
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1929, 12 , 274; H. J. Stern, ibid. 1930, 13 , 185; 
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INFLUENCE OF CHEMICAL CONSTITU¬ 
TION ON FADING. 

It is not possible to enunciate a set of neat rules 
governing the relation between fastness to light 
of dyestuffs and their chemical constitution, 
largely because the stability of any dye is so 
much dependent on the substrate on which it is 
fixed. Some broad generalisations can be made, 
but exceptions and qualifications are numerous. 
Amongst the most fugitive dyes are those of the 
tiiarylmethane series, acid dyes on wool being 
slightly better than basic dyes fixed on cotton 
with a mordant. The closely related Rhodamine 
dyes, as basics, are also fugitive, but some of the 
sulphonated dyes of this series on wool are un¬ 
expectedly fast. Dyes of the methine type, such 
as cyanines and Astraphloxine are poor, and 
sensitivity to light increases with extension of 
the methine chain. Amongst the azo dyes are 
found all degrees of light fastness. The simple 


azo dye Chrysoidine, a basic dye, is very fugitive; 
an almost equally simple dye, Tartrazine, has 
(piite high fastness. The latter has as one com¬ 
ponent l-methyl-3-phenyl-5-pyrazolone, and 
quite commonly pyrazolones give azo dyes of 
good fastness. Dyes made by coupling a diazo- 
compound with a primary amine are generally 
more fugitive than those having a phenol or 
naphthol as a coupling component (.^ee Gillct 
and Giot, Rev. G6n. Mat. Col. 1923, 98). Fast¬ 
ness may be increased by protecting amino- and 
hydroxy-groups by the usual chemi(‘al methods, 
acylation and etherification. Direct dyes such 
as those from benzidine are, as a class, fugitive. 
Good light fastness is showm by the so-called 
“ icc-colours,” especially those obtained by 
coupling a diazo-compound wdth an arylamide 
of 2:3-hydroxynaphthoic acid (Naphtol and 
Brcnthol series). Amongst sulphur dyes the 
bknhs and blues are generally fast, other shades 
loss so, some very fugitive. Very fast acid dyes 
for wool are found amongst the sulphonic acids 
of substituted aminoanthraquinones, such as 
Alizarine Cyanine Green, Alizarine Irisol, and 
Alizai’in Rubinol, to quote some of the older 
members of the series. The vat class contains 
some of the fast(^st known dy(5s. Indigo itself 
is very fast and so are its substituted derivatives ; 
the thioindigo series also furnishes many very 
fast d;yfcs. The vat dyes related to anthraqui- 
none are notable for their fastness, some, such as 
Indanthrone Blue and Caledon Jade Green being 
almost indestructible on cotton. In this brief 
review^ mention must also be made of the phthalo- 
cyanincs, some members of which, such as copper 
phtludoeyanine and its halogen derivative, pro¬ 
vide pigments unexcelled for their fastness. 

In any particular dyestuff' type, detailed 
changes of composition affect the light fastness. 
Introduction of halogen often has a favourable 
effect, for example bromination of indigo and 
chlorination of Indanthreno Blue, but instances 
are known where chlorine decreases fastness. 
The number and position of sulphonic acid 
groups affects the fastness of certain azo dyes; 
for instance, according to Mouly, in azo dyes 
from sulphonated naphthols, increasing the 
number of sulphonic groups decreases light fast¬ 
ness, and sulphanilic acid, as diazo component, 
gives faster dyes than metanilic acid (Helv. 
Chim. Acta, 1923, 6, 931). Numerous patents 
have been based on the fact that p-phenetidino- 
or p-anisidino-groups in triarylmethane dyes in 
the p-position to the central carbon atom, pro¬ 
duce dyes of increased light fastness. 

CHANGES ACCOMPANYING THE ACTION 
OF LIGHT ON DYES. 

When a dye absorbs light the energy taken 
up, in the language of modem theory, raises an 
electron to a higher energy level, a molecule of 
dye thereby becoming activated. The life of 
an activated molecule is very short, and its 
excess energy is got rid of in one of several ways, 
as explained in the article Photochemistey 
(this Vol., p. 526a). One of these ways is by col¬ 
lision with other molecules whereby chemical 
changes may be brought about leading to de¬ 
composition of the dye molecule. The photo- 
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chemical deeompoaition of organic substances 
which absoib light has been studied by many 
workers, and the process is often complicated 
and its course obscure. Sometimes many decom¬ 
position products have been identified, and it is 
very difficult to determine wdiat is the primary 
photochemical process, the products being 
obviously produced by secondary reactions. 
The difficulty of invtistigating the photo-decom¬ 
position of dyestuffs is increasiHl because the rate 
of decomposition is very slow and apart from 
(exceptional cases it is difficult or impossible to 
isolate and identify decomposition products. 

The work of different investigators is very 
difficult to interpret and co-ordinate because, 
generally speaking, (^ach experimenter has been 
interested in a particular group of dyes or a 
particular substrate and has directed bis efforts 
accordingly; and it is clear that the same dye 
will differ in. its photochemical behaviour on 
different substrates, in solution or in the solid 
form. Many experimenters have shown that 
moisture and air play an important part in the 
fading of the dyestuffs they have examined. 
Quantitative experiments are recorded by 
Hedges, who carefully compared the rate of 
fading of different dyestuffs on wool, cotton, and 
silk with the moisture content of the fabric ex¬ 
pressed as “ regain.” With both w^ool and 
cotton there was a linear relationship, rate of 
fading increasing with water content, the dyes 
used on wool being some azo dyes such as Azo- 
gcranine, and triarylmethane dyes smffi as Acid 
Creen G and Soluble Blue; and on cotton basic 
triarylmethane dyes such as Magenta and 
Brilliant Green, and Safraninc. On silk, fading 
fell off very rapidly at low moisture content 
(J. Soc. Dyers and Col. 1928, 44 , 52, 341). The 
importance of humidity in the fading of dye-stuffs 
on wool has been studied by Cunliffe in his work 
for the Fastness Committee of the Society of 
Dyers and Colourists {ibid. 1930, 46 , 108). 

There is abundant evidence that oxygen plays 
a part in the fading of many dyes, but it is hy 
no means certain that oxidation, in some cases 
at least, is the primary process. Direct azo dyes 
on cotton and some azo dyes on wool, which 
fade rapidly under ordinary conditions, show 
little fading in evacuated glass tubes, and the 
same is true of magenta on a tannin-antimony 
mordant (Bolis, Rev. Gen. Mat. Col. 1908, 12 , 
289). Whittaker has shown that the photo¬ 
tendering of cotton by vat dyes is prevented if 
air is excluded during exposure (J. Soc. Dyers 
and Col. 1933, 49 , 9). Several observers have 
recorded the formation of substances having 
peroxide reactions during the irradiation of dye¬ 
stuffs. Haller and Ziersch detected peroxide 
formation when many basic, sulphur, and ice 
colours on cotton were exposed to light; other 
classes of dyestuffs showed irregular results and 
no relation could bo established between per¬ 
oxide formation and the susceptibility of the 
dyes to fading (Z. angew, Chem. 1930, 48 , 209; 
Textilber, 1929, 10 , 961). Landolt states that 
hydrogen peroxide is formed when those vat 
dyes which cause oxidation of cellulose are 
exposed to light in the reduced form {ibid. 1929, 
10 , 533) and, according to Blum and Spealman, 
much hydrogen peroxide is formed when a dilute 


aqueous solution of sodium eosin is exposed to 
light and air, the dye being destroyed at the 
same time (J. Physical Chem. 1933, 87 , 1123). 
8omo writers believe that dye peroxides are 
formed, just as some fluoreseent hydrocarbons 
such as anthracene and rubrene are known to 
form peroxides when irradiated, but experi¬ 
mental evidence is lacking. Hydrogen peroxide 
may be a secondary product, formed during 
autoxidation of a first-formed reduction product, 
such as the leuco-compound of the dyestuff. 
There is good evidence that some dyes can under¬ 
go reduction by light action under suitable con¬ 
ditions. Thus Methylene Blue is reduced to a 
leuco-compound when irradiated in presence of 
ferrous iron; in the dark the reverse reaction 
occurs, the ferric iron oxidising the lem-o- 
compound ,to dyestuff (J. Weiss, Nature, 1935, 
136 , 794; 1936, 138 , 80). Gillot and Giot have 
surmised that triarylmethane dyes do not fade 
by oxidation but by reduction or some form of 
8(d88ioii (Rev. Gen. Mat. Col. 1923, 98) and, in 
this connection, a Japanese investigator, 
Iwamoto, states that the oxalates of Malachite 
Green and Crystal Violet when exposed as 
powder in vita-glass evacuated tubes arc reduced 
to leuco-compounds (Bull. Chem. Soc. Japan, 
1935, 10 , 420). Ackerman has recorded that 
acpieous solutions of triarylmethane dyes, both 
acid and basic, fade as well in an atmosphere of 
nitrogen as in air (J. Physical Chem. 1932, 36 , 
783), whilst Gillet and Giot state that an aqueous 
solution of Malachite Green will ffulc in the light 
of an arc lamp but regain its colour in daylight. 
There is evidently still much to clear up about 
those phenomena. The transformation of the 
cyanide of pararosaniline, 

(p-NH^CoH.O^CCN, 

from a colourless to a deeply coloured form by 
ultra-violet light in alcoholic solution seems to 
be a clear case of ionisation by the light energy 
(Lifschitz, Bor. 1919,52 [BJ, 1919); the reaction 
reverses in the dark. The cyanide of (Vystal 
Violet, (p-NMe./C 6 H 4 ) 3 C CN, shows similar 
behaviour. 

^'hero are only a very few observations 
recorded in the literature of the isolation of 
definite photo-decomposition products of dye¬ 
stuffs. Perhaps the most clear-cut case is the 
formation of isatin from indigo when the latter 
is exposed to daylight or a fadeometor lamp on 
cotton, first observed by Eva Hibbert (J. Soc. 
Dyers and Col. 1927, 43 , 293). Later, dibromo- 
isatin and methylisatin were also obtained from 
tetrabromo- and dimethyl-indigo respectively 
(Scholofield, Hibbert, and Patel, ibid. 1928, 44 , 
236). Isatin is, of course, an oxidation product 
of indigo. Recently J. Van Alphen has observed 
that halogenated indigos (chlorine, bromine, or 
iodine in the 6- or G-positions) when exposed to 
light in the vat (reduced form) lose their halogen, 
indigo itself being formed (Rec. trav. chim. 
1944, 63 , 96). This observation recalls an earlier 
one by Goldstein and Gardener that the hydro- 
quinones formed by reducing 1- and 2-halogeno- 
anthraquinones are dehalogenated when exposed 
to light under alkaline conditions (J. Amer. 
Chem. Soc. 1934, 56 , 2130). The observations 
suggest a test for the theory that vat dyes 
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undergo transient reduction when exposed to 
light on a fabric. 

The oxalates of Crystal Violet and Malachite 
Green are said by Iwamoto (lx,) to form respec¬ 
tively Michlcr’s ketone and p-dimethylamino- 
benzophenone when irradiated in powder form 
by white light. These products might be the 
result of oxidation or of hydrolytic lission. In 
aqueous solution, according to Henriquez, ultra¬ 
violet light causes the same dyes to undergo 
demethylation, the conclusion being based on 
the colour change (Bee. trav. cliin). 1933, 52, 
991). 

An interesting case of an azo dye has been 
investigated by Krollpfeih'er, MuhJhausen, and 
Wolf (Annalen, 1934, 508, 39). The dyestuff in 
question, (I), derived from diazotised sul- 
phanilic acid and phenyl-jS-naphth} lamine, is 
fugitive, and when exposed to light either on 
cotton or in aqueous solution decomposes giving 
two products which were identihed as the 
naphthaphenazine (11) and the triazino deriva¬ 
tive (111). These are clearly oxidation products, 





and their formation seems to be due primarily to 
oxidation at fhe — N H — group of the dyestuff. 
In confirmation of this, if oxygen is excluded by 
using an atmosphere of nitrogen, decomposition 
is slowed down; and benzoylation of the N H 
group makes the dye much faster. This dye is 
obviously a special case, and the observations 
throw little light on the mechanism of fading of 
azo dyes in general. Most azo dyes are too 
stable readily to afford identifiable decomposi¬ 
tion products. Haller and Ziersch tried to 
identify decomposition products from the fading 
of simple azo dyes of the benzeneazo-^-naphthol 
series without success. Their experiments indi¬ 
cated an increase in formation of carbon dioxide 
when cotton dyed with the azo dye was exposed 


to light; cotton itself gives carbon dioxide 
when exposed to light and it is not clear whether 
the increased amount of gas came from the dye 
or from accelerated oxidation of the cotton. 
The dyes did not fade in absence of oxygen and 
the authors concluded that oxidation w^as the 
prime cause of fading (Textilbor. 1929, 10, 951). 

THE PBOTECTION OF DYESTUFFS 
AGAINST FADING. 

It has already been noted that the fastness to 
light of members of a class of dyestuff can bo 
modified by making detailed modification of 
chemical constitution, e.g.y by the introduction 
of halogen. There are, however, less drastic 
changes of chemical constitution which are 
known to bring about quite remarkable increase 
in light stability. The most striking instances 
occur among pigment and mordant dyes. 
When basic dyes are converted into lakes or pig¬ 
ments by pretupitation on a suitable substrate 
the fastness to light of the pigment varies 
according to the substrate chosen. A siliceous 
clay known as Green Earth converts the fugitive 
basic dyes into reasonably fast pigments, 
especially Malachite Green and Brilliant Green. 
The increased fastness may bo due to the for¬ 
mation of specific compounds. Phosphotungstic 
and pliosphomolybdotungstic acid form with 
basic dyes insoluble pigments of remarkably high 
light fastness; these very bright pigments are 
now important articles of commerce. Why these 
forms of what are normally (as dyestuffs on 
textiles) light-sensitive compounds should be so 
fast is not understood. It may be duo to their 
very low solubility in water, and to their being 
protected from extraneous chemical influence by 
a relatively large mass of inorganic material. 
Bancroft and Ackerman have supposed that the 
higher the affinity of a dyestuff’ is for the sub¬ 
strate, the higher will be its light fastness, 
because of its reduced chemical potential (Proc. 
Nat. Acad. Sci. 1932,18, 147 ; J. Physical Chem. 
1932, 86, 780). It is interesting to note that 
acid triarylmethano dyes oi^ wool can also be 
increased in light fastness by treatment with a 
phosphotungstic acid preparation which is sold 
under the name “ Auxanin.^^ 

Many azo dyes on cotton can have their light 
fastness very considerably improved by after- 
treatment with copper sulphate. The dyes in 
question contain hydroxyl groups adjacent to 
the azo groups, and there is no doubt that com¬ 
plex co-ordinated copper derivatives are formed 
which are more stable to light than the original 
dye. Some such dyes are indeed marketed in 
the form of their copper corpplexes for appli¬ 
cation to cotton. Other metals, such as cobalt 
and nickel, have a similar effect. 

Some sulphur dyes, particularly those of 
yellow and brown shade which are of only 
moderate light fastness, are much improved by 
after-treatment with copper and chromium 
compounds. The constitution of these dyes is 
not known, but it seems probable that the im¬ 
provement in fastness is again due to the 
formation of more stable metal derivatives. It 
is knovm that chromed wool dyes are generally 
faster to light than the unohromed dye. The 
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reported improvement in light fastness of Mala¬ 
chite Green rn a tannin-antimony mordant by 
treatment with copper sulphate and glucose does 
not admit of a similar explanation, unless it can 
ho supposed that a copper complex of tannic acid 
is formed {see Boyer, Lo Papier, 1926, 307). 

If fading is caused by oxidation it might be 
expected that the association of an antioxidant 
with a dye would prevent fading of the latter. 
Moureu and Dufraisse were of this opinion, and 
Gillet and Giot tested the hypothesis with a largo 
number of compounds known to be anti¬ 
oxidants such as tannin, pyrocatechol, hydro- 
(juinone and its sulphonic acid, guaiacol, gallic 
acid, thiourea, using a variety of dyes. The 
results obtained were irregular ; hydroquinone, 
e.g.f showed some protection of azo dyes on wool 
and cotton, but had no effect on acid or basic 
triaryl methane or rhodamine dyes. Thiourea 
protected Phloxine but not the closely related 
Rhodamine. It was remarked that, even when 
there was a protective effect, an excessive 
amount of antioxidant had to be used, suggest¬ 
ing that the whole fibre had to bo i^rotccted 
against oxidation (Compt. rend. 1923,176, 1402, 
1658, 1894; see also Rev. G6n. Mat. Col. 1923, 
98). 

It is impossible here to give an account of the 
many researches which have been carried out 
with the object of discovering treatments to jjre- 
vont fading, in the course of which a great 
variety of substances have been examined. 
Reference should, however, be made to the work 
of Haller and Ziorsch who investigated a large 
variety of dyestuffs on cotton. Whilst many 
substances were without effect, some accelerated 
fading, among which may be mentioned oxidising 
agents, such as nitrites, sodium perborate, and 
potassium dichromate, and some organic com¬ 
pounds such as oil of turpentine, glycerol, starch, 
gum tragacanth, and turkey red oil; very few 
substances showed protective action, the most 
notable being sodium metaphosphato with 
glucose, and thiourea. Thiourea has been found 
effective by a number of workers, but un¬ 
fortunately it is too readily removed from a 
fabric to be of practical importance (Haller and 
Ziersch, Z. angew. Chem. 1930, 43^209; see also 
Mounier, “ Tiba,** 1931, 237). Thiouim and 
organic derivatives thereof have been patented 
by British Celanese for the protection of amino- 
anthraquinone dyes on acetylcellulose rayon 
against the combined action of light and an acid 
atmosphere (B.P. 340572; 373628; 406663), 
and the Society of Chemical Industry, Basle, 
have claimed dimethylolurea for improving the 
fastness to light of direct dyes on cotton (B.P. 
429209). British Celanese have patented the 
use of many other compounds as protective 
agents for acetate rayon dyes, most of them 
being of the amine or amide type, but their 
value, relative or absolute, cannot be assessed 
from the patent claims (B.P. 243841; 340541; 
356726; 361362; 361381; 378473; 406686). 

PHOTOSENSITISATION BY DYES, 

Some dyestuffs have the property of bringing 
about or accelerating chemical changes’ in 
systems with which they are associated, without 


themselves apparently undergoing any cliange, 
when the system is exposed to light. This 
catalytic effect is called photosensitisation. The 
property is of considerable technical significance, 
useful in some cases, harmful in others. 

The photosensitising effect ffnds its most useful 
application in photographic processes. Some 
classes of dyestuffs, especially those of the 
cyanine series, when present in very small pro¬ 
portion in a silver halide emulsion, induce sensi¬ 
tivity of the latter to light of wave-length far 
beyond its normal range, which is confined to 
the violet end of the spectrum. The induced 
sensitivity is towards longer wave-lengths and 
can be taken into the infra-red as far as 12,000 A. 
with suitable dyestuffs having absorption bands 
in that region. The developments in photo¬ 
graphy made possible by these dyestuffs have 
been of the greatest importance (^ee Cyahime 
Dyes, Vol. Ill, 514c). There are also dyes 
which have the opposite effect, one of desensiti¬ 
sation, on silver halide emulsions; sensitive 
plates bathed in a solution of such a dye can be 
developed in light. Basic safranine dyes wore 
first used in this way, but many others are now 
known. (For an account of the theory of the 
photosensitisation of silver halide emulsions by 
dyestuffs, see E. J. Bowen, “ Chemical Aspects 
of Light,” Clarendon Press, 1942, p. 148.) 

The photosensitising action of some vat dyes 
shows itself in an unfortunate way on cellulosic 
materials. When cotton or viscose material is 
dyed or printed with these dyes and exposed to 
light, as it frequently is in the form of window 
curtains, for the dyes themselves are very fast to 
light, the material gradually deteriorates in 
strength and after a time becomes useless. This 
“ tendering ” effect is associated with many, but 
by no means all, yellow, orange or red vat dyes; 
homogeneous blue and green dyes do not show 
it. If, however, a green dyeing is obtained by 
mixing a blue with a sensitising yeUow dye, ex¬ 
posure to light will not only cause tendering of 
the fabric but in addition destruction of the blue 
dye, although the latter is itself very fast to 
light. The deterioration of the cellulose material 
is undoubtedly duo to oxidation to oxycellulose. 
The loss in tensile strength is accompanied by a 
rise in fluidity number in cuprammonium solu¬ 
tion, and it has been shown by C. M. Whittaker 
that tendering does not take place in absence of 
oxygen (J. Soc. Dyers and Col. 1933, 49, 9). 

The vat dyes which cause tendering by light 
have this in common, that they are quinones, 
reducible to hydro quinones readily oxidisable 
back to the original dyestuff' by air or other 
oxidising agent. It is, therefore, of much 
signiflcance that, as Scholefield and Patel have 
shown {ibid. 1928, 44, 268), the same dyes which 
cause tendering of cellulose, as shown above, 
cause very much more rapid tendering when the 
cotton is exposed to the light and air with the 
dye in the vatted state, that is, in the hydro¬ 
quinone form in an alkaline condition. Under 
these latter conditions, too, an accompanying 
blue dye {e.g., tetrabromoindigo) is rapidly 
destroyed and, to complete the parallel, a yellow 
vat dye such as Caledon Yellow G which does 
not cause tendering in the oxidised condition, 
does not do so in the vatted form. The s&me 
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vat dyes also sensitise the oxidation of cellulose 
by liydnjgeri peroxide and by sodium hypo¬ 
chlorite in the light under conditions which cause 
no attack in the dark (idem, ibid. 1929, 45, 175). 
Derrett-Smith and odder have shown that 
when cotton is bleached with Ijypochlorite, the 
presence of these sensitising dyes causes bad 
tendering if the bleaching is carried out in 
diffused daylight. The effect is most marked if 
the bleach iicpior is ncfirly neutral; it is bad on 
the acid side of neutrality, but very slight at 
pH 11-5 (J. Text. Inst. 1932, 23, t293). 

Landolt showed that the rate of the destruc¬ 
tive action of the dye on the cellulose is markedly 
increased if the specimen is made alkaline with 
caustic soda before exposure to light. The rate 
of destruction of a blue dye is also increased by 
alkali, and he describes an accelerated test for 
the tendering properties of a vat dye, in which 
the dyeing on cotton is “ topped ” with a direct 
blue dye and exposed, alkaline Muth caustic 
soda, to light. The fading of the blue dye 
denotes tendering action as well (Textilber. 
1933, 14, 32). 

Although most attention has been concen¬ 
trated on the sensitising action of vat dyes on 
the oxidation of cellulose, probably because the 
dyes themselves are fast to light, other dyes have 
the same effect, as was shown by Haller and 
Ziersch. Basic dyes on a katanol mordant, sul¬ 
phur dyes and some ice colours all showed tender¬ 
ing, the basic dyes being especially destructive. 
Again the yellow dyes, Auramine G and Thio- 
flavine T, w'ere the worst, causing almost com¬ 
plete loss of strength after prolonged exposure. 
On the other hand, most direct colours showed 
some protective action against the normal 
tendering of undyed cotton by light (Z. angew. 
Chem. 1930, 43, 209). 

E. H, R.. and E. B. A. 

PHOTOSYNTHESIS IN PLANTS. 

On the ability of green plants to store up the 
energy of sunlight depends the whole of life upon 
the earth. The natural tendency of carbon to 
oxidise is reversed; out of carbon dioxide and 
water, starch, cellulose, and other organic 
materials are photosynthesised with the liberation 
of free oxygen. The oxygen content of the 
atmosphere seems to be due to the activities of 
plants of former ages the carbonaceous remains 
of w hich are now laid up as coal, etc. The green 
plant serves as food for animals, fungi, bacteria, 
etc., all of which, therefore, are dependent finally 
on the sun’s radiation. These life-processes are 
accompanied by the reverse change, respiration^ 
or the taking in of oxygen and the reliberation 
of carbon dioxide. The solar energy thereby 
runs down to heat which no longer has the power 
to build up endothermic compounds. This 
second half of the cycle fails to be complete only 
when organic remains are preserved as deposits 
by geological agents. A carbon-dioxide balance 
exists between its production by the respiration 
of living organisms, by volcanoes and springs, 
and by the burning of coal, oil, and wood, and its 
consumption by photosynthesis by green plants 
and by the weathering of rocks. The carbon- 
dioxide content of pure country air is only about 
0*03 vol. %; it is indeed remarkable how so 
small a percentage should suffice to allow the 


free growth of plants to occur. However, the 
total quantity of cai'bon dioxide in the atmo¬ 
sphere is about 2 million million tons, and the 
sea contains at leasty twenty times as much. 

Early workers on the relations between plants 
and air were handitiappod by the undeveloped 
state of ideas of energy and of oxidation. The 
discoverers of oxygen were qui(;k to investigate 
its connection wdth the growth of plants. 
Scheelc found that green plants, like animals, 
produce carbon dioxide from oxygen, while 
Priestley's exj)eriment8 showed the reverse 
change. It remained for Ingen-Housz to recon¬ 
cile and explain these observations. By moans 
of w'cll-eoneoived experiments he demonstrated 
that plants take up carbon dioxide and liberate 
oxygen in sunlight, that the reverse change 
occurs in the dark, and that the green parts alone 
respond to the action of the light. Later, after 
the clarification of ideas of combustion by 
Lavoisier, Ingen-Housz was able to formulate 
the present-day concept of the closcfl-oyele 
relationship of carbon dioxide, light, plants, and 
animals. About 1800, de Saussure subjected 
these ideas to more quantitative chemical treat¬ 
ment; in partic ular he determined the volume 
ratios of carbon dioxide to oxygen both for 
photosynthesis and for rcspiiution. Forty j^ears 
later Liebig attempted to outline the actual 
course of the process of j)hotoHynthesis in terms 
of the equations of oi’ganic chemistry, assuming 
organic acids as intermediates, and this w’as 
afterwards modified by Baoyer with the as- 
sumption that formaldehyde is the first product 
from carbon dioxide, water, and light in the 
plant, followed by its polymerisation to sugars 
and cellulose. The end of the ninetecuith cenUiry 
Staw the first applications of physical chemistry 
when Blackman showed that the rate of photo¬ 
synthesis was determined, according to the con¬ 
ditions, by the slowest of three variables, rate of 
light absorption {i.e., light intensity), carbon- 
dioxide uptake, or a temperature-dependent 
“ dark ” reaction the existence of which becomes 
evident at high values of the first two variables. 
At the modern period the treatment of the sub¬ 
ject involves careful measurements on the 
kinetics and energetics of the process, employing 
such arrangements as monochromatic light, 
hashing lights of short duration, isotopic ele¬ 
ments as “ tracers,” etc., and is aided by more 
precise knowledge of the coloured substances in 
the plant which absorb the light. 

The isolation and determination of chemical 
structure of the green leaf pigments was accom¬ 
plished by Willstktter and his school. There are 
two green pigments, chlorophylls a and b (v. 
Vol. Ill, 80a ); yellow pigments, carotene, a 
long-chain hydrocarbon wdth alternate C=C 
C—C bonds, and its oxidation product xantho- 
phyll, which exist in more than one form of 
similar structure; the browm carotenoid fuco- 
xanthin occurring in sea-weeds, and other pig¬ 
ments found in smaller quantities (v. Vol. II, 
393d; 398a ; V, 330d). The chlorophylls 
appear to be common to all plants and to be the 
only pigments capable of absorbing light energy 
in a form available for photosynthesis; the 
other pigments seem to act merely as “ inner 
filters.” Since the carotene-xanthophyll ratio in 
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iholeaf alters during exposure to light these pig¬ 
ments' may undergo photochemical changes or 
may play some egfi^ential part in the later non- 
• plwitotjhettiical stages of photosynthesis. Their 
effect on the photochemical part of photo¬ 
synthesis, if any, is small, since their absorption 
is confined to the shorter waves of the spectrum. 
The leaf pigments are best extracted from air- 
dried nettle leaves (since these contain a 
minimum of enzymes which decompose chloro¬ 
phyll) -with, acetone containing 20% water by 
volume. The acetone extract is shaken with 
light petroleum, into which the pigments pass, 
and this is washed and dried. The individual 
pigments may now be separated by chromato¬ 
graphic technique on columns of sucrose, cal¬ 
cium carbonate, aluminium oxide, etc., or by 
elaborate empirical treatment with talc, sol¬ 
vents, etc., as worked out by Willstatter. 

Chlorophyll-a has the structure : 
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while chlorophyll-Z> has the group —CHO in 
place of the —CHg group at (3). The a form 
dissolved in ether has a strong narrow absorp¬ 
tion band in the red at about 6,000 A., another 
broader one in the blue at about 4,300 a., and 
other fainter bands in between. The h form in 
the same solvent shows a weaker red band at 
about 6,400 a. and a blue band at about 4,500 a. 
These bands vary somewhat in position accord¬ 
ing to the solvent for solutions in organic liquids, 
and according as the chlorophyll is in colloidal 
solution in water or naturally existing in the leaf. 
In the plant they lie about 200 A. nearer the red 
than in ether solution. The true solutions, and 
to a lesser extent the leaf, show a red fluores¬ 
cence (about 6,400-7,600 A.) when illuminated 
by visible or near ultra-violet light, the emission 
efficiency being about 10% for solutions and 
0-01% for the leaf. The leaf fluorescence varies 
with time, increasing for the first few seconds 
after illumination and falling to a constant 
value after one minute. Chlorophyll is pro¬ 
duced by growing plants from some colourioss 
unknown precursor “ protochlorophyll ” under 
the influence of light. The meohankm of this 
VoL. IN.—38 


photo-reaction is unknown. Chlorophyll also 
appears to be decomposed by light in the plant, so 
that its concentration is determined by an equili¬ 
brium between its formation and disappearance. 

The state of the chlorophyll in the leaf is a 
matter very difficult to elucidate. On the 
evidence of the absorption spectrum, difficulty 
of extraction by organic solvents, etc., it cannot 
bo in the free molecular form. Certain results on 
the kinetics of photosynthesis indicate that when 
a light quantum is absorbed by one molecule it 
can assist with others in bringing about the 
fixation of one carbon-dioxide molecule. This 
has led to the concept of the “ photosynthetic 
unit” hypothetically consisting of about 2,000 
chlorophyll molecules somehow connected so 
that energy can pass to and fro within the unit to 
bo available at any point to “fix” one carbon- 
dioxide molecule. The two most likely ways of 
arrangement of the chlorophyll are either an 
oriented colloidal form with the flat parts of the 
molecules piled up like coins, and held together 
by strong Van der Waals forces from intercalated 
water molecules (analogous to the colloidal form 
of the dye ^-i«ocyanine, v> Vol. Ill, 615a, 616c) 
while the tails (pbytyl group) are embedded in 
the lipoid cell material, or an oriented adsorption 
of the chlorophyll on the surfaces of the chloro- 
plasts in the leaf, the chlorophyll molecules being 
either free to move in two dimensions over the 
surface or to permit of certain intermediate pro¬ 
ducts moving over the surface of the adsorbed 
chlorophyll. 

I Through the microscope the chlorophyll is 
seen to be concentrated within minute bodies 
called chloroplasts which exist in the cytoplasm 
of the leaf cells. Different species of plants have 
different numbers and sizes of chloroplasts per 
cell, the lower forms having the smaller numbers 
and the larger sizes. The chloroplasts also have 
a colourless portion containing proteins and 
lipoids. They possess the curious property of 
orienting themselves within the cells according 
to the light intensity, disc-like forms turning 
edgeways on to light of high intensity. In the 
case of aquatics the (dissolved) carbon dioxide 
reaches the chloroplasts by diffusion through the 
ceU walls. The mechanism is different in leaves 
of the higher land-plants. These leaves have a 
very open-work or sponge-like interior arrange¬ 
ment of cells, exposing a very large surface, but 
the whole is covered in by continuous outer 
layers of ceUs perforated only by extremely 
small holes called stomata, 0 0005-0 01 mm. in 
diameter and 60-700 in number per sq. mm., 
sometimes on both sides of the leaf and some¬ 
times only on one surface. Through the stomata 
passes the large quantity of water vapour given 
off continuously by leaves (transpiration), and 
they are also the only channels for the carbon 
dioxide and the oxygen involved in respiration 
and photosynthesis. The apertures of the 
stomata are not of constant size; they close 
when the plant needs to conserve water and in 
response to other stimuli, but it has been shown 
that altliough their area when fully open is only 
about 2% of the total leaf area carbon dioxide 
can pass through them by diffusion almost as 
quickly as'if their area equalled that of the wffolo 
leaf. 
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When photosynthesis is proceeding normally 
in a plant the ratio (vol. of COg absorbed)/ 
(vol. of Og evolved), (photosynthetic quotient), 
is almost exactly unity. Similarly the respiratory 
quotient (vol. 02 absorbed)/(vol. COg evolved) is 
also unity. The chemical equation of photo¬ 
synthesis must therefore be in its simplest form : 

COg^- HgO (+light-f chlorophyll) 

^(CH,0)„+0». 


Whatever be the product ^(CH20)n, this re¬ 
action requires the ^bsoi-ption of about 112 kg.- 
cal. of energ 3 \ It is brought about by the 
absorption of visible light even at wave-lengths 
of 7,000 A. In this spectral region (red) 1 “ gram 
molecular quantum ” or “ einstein ’* is equal to 
38 kg.-cal. Consequently, for the fixation of 
1 mol. of carbon dioxide at least three quanta 
must be absorbed. This feature of the photo- 
synthetic process is without a parallel in 
ordinary photochemical reactions. If all three 
(or more) quanta had to be absorbed by one 
isolated chlorophyll molecule the reaction rate 
should be proportional to the cube (or higher 
power) of the light intensity. As this is not so 
for photosynthesis there must be some special 
mechanism whereby three quanta absorbed by 
several different chlorophyll molecules can be 
brought together to effect the reduction of each 
carbon-dioxide molecule. Experiments have 
been made on the quantum efficiency of photo¬ 
synthesis in monochromatic light and under 
optimum rate conditions. The best values seem 
to be about 0’06, and since the efficiency at 
7,000 A. cannot rise above = 0-34, they 
represent about 20% utilisation of the light 
absorbed. This high value for the ultimate 
photochemical efficiency of photosynthesis of 
course is widely different from the over-all 
efficiency. Leaves are very selective in their 
photo-active absorption and only a small fraction 
of solar energy falling on a leaf brings about 
chemical change. When all the sun’s radiation, 
infra-red as well as visible, received by a plant, 
such as wheat, is taken into account the following 
approximate energy distribution is found: 


Energy actually absorbed— 

yl9% Re-radiated as heat. 

70%~60% Evaporation of water from leaves. 

\ ^0’2% Respiration. 

1% Photosynthesi8^0'24% Crop. 

Leaves, stems, 
roots etc. 


The maximum emission firom the sun lies in the 
green region (corresponding to black-body radia¬ 
tion of about 6,700°o.), to which chlorophyll is 
largely transparent (hence its green colour). 
This is in marked contrast to the human eye, 
where the photo-active substance in the retina 
has been evolved with an absorption curve 
closely resembling the energy distribution of sun¬ 
light. Theoretically, if plants had developed a 
purple instead of a green-coloured substance to 
bring about their photosjmthesis they would be 
capable of a much higher energy utilisation. 
Such a change, however, might not work under 


conditions of strong sunlight as the increased 
light absorption might lead to local overheating 
of the chloroplasts followed by their destruction. 

Photosynthesis of carbon compounds is 
brought about by any light in the visible region 
absorbed by the chlorophyll; as already pointed 
out, this means chiefly red and blue light, and 
these seem almost equally effective measured in 
terms of quantum efficiency. A plant, however, 
is not simply an organism dependent only on 
chlorophyll, light, carbon dioxide, and water. 
It has very complex other requirements, potas¬ 
sium, calcium, phosphates, and many other ions. 
For the production of its chlorophyll not only 
is magnesium needed for the actual molecule, 
but iron salts must bo available, in the absence 
of which plants develop chlorosis or lack of 
chloroiffiyll. For experimental purposes the 
chlorophyll content of plants may bo controlled 
and altered in this manner. Nitrates taken up 
by the roots and passed up to the leaves are 
essential for plant growth. By a photochemical 
process connected in some unlcnown way with 
“ carbon ” photosynthesis the nitrates in 
illuminated leaves are converted into amino- 
acids out of which the plant elaborates its 
reserves of protein and finally the protoplasm 
which is its very core of vitality. Though plants 
possess that resilience towards external changes 
characteristic of all living organisms, their life 
is a delicate balance of intricate cross-connected 
reactions, and any serious disturbance of the 
adjustment must result in breakdown. It is 
found, e..g., that although red light is adequate 
for “ carbon ” photosynthesis, without blue 
light the plant cannot assimilate the food so pro¬ 
duced, and pines away ahnost as if kept in dark¬ 
ness. Blue light is also necessary to control the 
important process of transpiration or evapora¬ 
tion of water through the leaves. Ultra-violet 
light beyond 3,000 a. is definitely injurious to 
any })lant. 

The “ kinetics ” of photosynthesis, or the 
variation of the rate with changes of the 
variables, light intensity, carbon-dioxide con¬ 
centration, chlorophyll concentration, and tem¬ 
perature, are complex. Experimentally they are 
not easy to determine satisfactorily. Figs. 1 and 
2 show the general nature of the results obtained. 
At high light-intensities the rate is proportional 
to the COg-concentration when this is low, and 
becomes independent of COg when this is large. 
A similar behaviour is observed when the above 
variables are interchanged. The effect of tem¬ 
perature is small either at small COg-concentra- 
tions or at low light-intensities (lower part of 
Fig. 1), but when both light and COg are high 
the temperature coefficient becomes large. 
(Above about 30'^c., however, further tempera¬ 
ture increase is harmful to the plant and destroys 
its vital processes.) The above kinetics are ex¬ 
plicable in terms of three reaction stages : 

1. The absorption of COg by the plant. 

2 . A photochemical reaction leading to CO« 

“ fixation.” 

3. A thermal reaction continuing the “ fixa¬ 

tion” process of (2) the completion 

of which jfrees the chlorophyll to engage 

in (2) again. {K Blackman reaction/’) 
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At low COg-concentration the over-all rate is 
controlled by reaction (1), and at low light- 
intensity by reaction (2); both these reactions 
depending very little upon the temperature. At 
high COa-concentration and high light-intensity 
the rate is controlled by reaction (3), which has 
the high temperature-coelbcient characteristic 
of thermal changes. The absolute values of 



Light Intensity at High CO 2 -Concentration, 
or, C02~Concentration at High Light-intensity 


Eia. 1. 

COg-concentrations and of light-intensities in 
the abscissa of the diagrammatic Fig. 1 vary in 
different plants. Algic reach the point of in- 
dopondeneo on COg-concentration at values not 
far from that normally existing in the air, but 
land plants can utilise much higher concentra¬ 
tions because of the higher resistance their 
leaves offer to COg-absorption. Large COg- 



At High Light-intensities and C02^Concentrations 


Fig. 2. 

concentrations, however, reduce photosynthesis 
by exerting a toxic effect on the plant. 

The above remarks cover the main facts of the 
kinetics. Many attempts have been made to 
obtain more refined data, and also to explain the 
observations by theoretical kinetic expressions 
derived from hypothetical mechanisms. So far 
this mode of treatment has proved disappointing. 
Only one thing is certain, that the photosynthetic 
process is composite, with stages depending on 


diffusion, photochemical reactions, and thermal 
reactions, some reversible, and some brought 
about by enzymes. Even the simplest hypo¬ 
thetical reaction-scheme consistent with this 
leads to a kinetic expression of such complexity 
as to be difficult to test adequately by experi¬ 
ment, and in addition it is found that more than 
one hypothetical scheme leads to the same 
kinetics. Further uncertain factors are the 
possible influence of light on respiration rate 
(since measured rates of pliotosynthesis must be 
corrected for respiration) and the existence of 
“ induction periods,” as shown by a reduced rate 
of oxygen evolution, at the beginning of an 
illumination period. The latter effect is pro¬ 
bably due to oxygon consumption by a photo¬ 
oxidation of respiratory products which have 
accumulated in the dark. In addition, by 
changes in the stomata openings, by orientation 
of the chloroplasts, and by changes in the total 
chlorophyll content, a plant reacts in a compli¬ 
cated way to light so tliat it cannot be regarded 
as an inanimate mechanism with a constant 



Length of Dark Interual, Seconds 
(Duration of Flash = 10"^ Seconds) 

Fig. 3. 


photosensitivity. Great care is necessary when 
experiments on the effect of any one variable 
are made to ensure that only the minimum 
change occurs in the other features of the life of 
the plant. 

Valuable results on the photosynthetic process 
have been obtained by using light flashes from 
electric sparks of very short duration. At high 
light-intensities, but not at low, more photo¬ 
synthesis occurs when the dark intervals between 
the flashes are long than when they are short. 
Further, the yield per flash increases at higher 
COg-concentrations {see Fig. 3). This shows that 
the COg take-up is independent of the thermal 
stage called the “ Blackman reaction,” and 
affords a means of exploring the latter at 
different temperatures. It is found in this way 
that the “ lUackman reaction ” is essentially 
complete after 0-26 seconds at l°o. and after 
0*04 seconejs at 24°o. The change of photo- 
synthetic rate with intensity of very short 
flashes having long intermediate periods can also 
be shown to support the concept of the photo- 
synthetio unit ” mentioned above. Another 
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variable is the duration of the flash itself. With 
flashes of very short duration (10~® sec.), at 
least four quanta absorbed by 2,000 mol. of 
chlorophyll arc needed to reduce 1 mol. of COg, 
but with flashes lasting much longer, 300 or 
more COg molecules may bo reduced. This is 
direct evidence that the “ Blackman reaction ” 
is itself composite and affords a moans of further 
exploring it. The interpretation of the experi¬ 
mental kinetics in terms of hypothetical reaction- 
schemes is discussed below. 

From what has been described above it appears 
certain tlwit several intermediate stages occur in 
photosynthesis, and before clear ideas can be 
developed as to their nature the identity of the 
lirst stable chemical product needs to be known. 
This is as yet an unsolved problem. Liebig 
originally suggested that the organic acids 
found in plants represented the first stable 
resultant. However, those have now been shown 
to accumulate only in the dark and to arise from 
incomplete respiratory oxidation of sugars, and 
further, the “ photosynthetic quotient ” of unity 
shows that the substance sought for must have 
the fljrniula (CHgO)^,. Formaldehyde, in view 
of its easy chemical conversion to carbohydrates, 
was suggested by Baeycr, and glycollic aldehyde, 
CH2(0H)CH0, has also been considered for 
similar reasons. The first directly observable 
photo-product in most plants is starch, a carbo¬ 
hydrate of very great complexity. The sugars 
found in most leaves result from subsequent 
enzymatic breakdown of the starch in the dark, 
although sugars are the first recognisable sub¬ 
stances in Monocotyledons. It is chemically 
impossible to assume either the formation of free 
formaldehyde, which acts as a poison to leaves, 
or the direct synthesis of starch, and it seems 
more likely that adsorbed carbon-dioxide mole¬ 
cules are reduced in neighbouring sites on a 
surface layer so that they become linked to¬ 
gether to split off ultimately from the surface as 
a glucose or similar sugar molecule. 

Kates of photosynthesis are almost always 
measured experimentally by the determination 
either of the carbon dioxide taken up or of the 
oxygen evolved. The respiratory rate in the 
dark must also bo measured, and in the absence 
of exact knowledge of the effect of light on this 
the measured photosynthetic rates are corrected 
on the assumption that respiration remains 
constant. Single leaves are confined in a suit¬ 
able vessel, and the COg content of the gas sur¬ 
rounding it is kept constant by streaming the 
gas through. In the older teclmiques the COg 
or Og content of the gas passing out was 
measured by ordinary gas-analysis. A newer 
method is to estimate the COg-concentrationby 
the amount of infra-red absorption in the region 
of the COp bands. This has the advantages of 
high sensitivity, convenience, and of rapid 
response, and permits of examination of changes 
of rate over much smaller time-intervals than 
was possible before. The gas is simply streamed 
through a cell of appropriate length down which 
passes a beam of suitably mono-^hromatised 
infra-red light, the beam being detected by a 
thermopile. The use of an indEra-red spectro¬ 
meter with its dispersing prism, mirrors, etc., 
may be avoided by employing a gas-burner as 


the source of light, since the bulk of the infra-red 
emission is at the coirect wave-length owing to 
the strong radiation from COg present in the 
flame. The effect of flame fluctuations is 
eliminated by using two cells and thermopiles, 
one as standard and one to contain the gas to be 
measured, the thermopiles being connected back 
to back to a galvanometer. The use of single 
leaves does not permit of accurate estimations of 
the amount of light absorbed, owing to the largo 
amount of light scattering. Two other techniques 
more adapted for this purpose employ aquatic 
unicellular plants. One method is to use a sus¬ 
pension of a species of Chlorella^ and another to 
use a thin moist film of Hormidium> on a glass 
surface. One way of following the photo¬ 
synthesis is to surround the aigao with a car¬ 
bonate-bicarbonate buffer solution to maintain 
a constant COg-concentration and to estimate 
the oxygen evolved (with constant shaking) by 
a U-tube manomotric method (Van Slyko’s 
apparatus). There is evidence, however, that 
some species are harmed by immersion in the 
buffer solution, and this may be replaced by an 
aqueous solution of COg in equilibrium with a 
gas stream by using a dropping-mercury elec¬ 
trode to determine the oxygen evolved. This 
has the additional advantage of being very rapid 
in response. 

Important recent work, not yet complete, has 
been carried out using isotopic elements as 
“ tracers.*’ Kadio-active carbon, radio¬ 

active hydrogen, and heavy oxygen, 
have all been tried. The alga ChlorcUa was used 
as the plant. Using carbon dioxide containing 
radioactive carbon, and determining the distri¬ 
bution of radioactivity between plant and gas, 
several important matters came to light. Largo 
amounts of COg were found to be taken up in the 
dark, api)earing in the plant largely as —COO H 
groups. In light much more COg was taken up, 
and an aqueous extract of the plant yielded a 
water-soluble substance of molecular weight 
about 1,000 containing at least one alcoholic 
—OH and one —COOH group. This is the 
first chemically detectable stable product of 
photosynthesis, though it may be split off from 
the plant cell by the process of extraction. No 
trace of formaldehyde or other aldehydes, or of 
any sugar, could be detected. With radioactive 
hydrogen in the water used in the system the 
experiments were designed to see whether any 
hydrogen exchange occurred with the chlorophyll 
molecule, and so to elucidate possible reduction- 
oxidation changes this may undergo. The results 
so far have not been conclusive. Finally, by the 
use of heavy oxygen it has been shown that the 
oxygen evolved during photosynthesis comes 
from the water in the system and not directly 
from the COg molecules taken up. This result 
again emphasises that the photosynthetic pro¬ 
cess is not a simple chemical reduction but one 
of some complexity involving a number of 
stages, and also involving a “ reservoir ” of half- 
changed material awaiting further transforma¬ 
tion when light is available. 

Though many attempts have been made to 
r^resent the photosynthetic process by a series 
ofcheraical equations, it cannot be said that any 
degree of certainty exists in such models because 



PHTHALIC ACID. 


597 


of soriotifi gaps in the evidence. It seems to be 
generally agreed that the carbon dioxide is taken 
lip by a thermal process which is not the “ Black¬ 
man reaction.” Two possibilities are {a) tako- 
np by the chlorophyll, carbonic acid attaching 
itself to the Mg atom : 

—N HO —N—H 

Me + 0=^0 -- Mg—o—c=o 

' 'Ah 

or (b) reaction with a substance R H present in 
the cell, R H-f-COg-^R COOH. The first 
reaction is supported by observations on the 
absorption of COg bj^ aqueous chlorophyll solu¬ 
tions ; the addition compound formed, however, 
here rapidly breaks up with elimination of mag¬ 
nesium from the chlorophyll molecule. The 
second possibility, which is more generally 
favoured, might be analogous to the easy CO 2 - 
absorption of polyhydric phenols, i.e., RH might 
be a tannin derivative. Whether the carbon 
dioxide is attached originally to a chlorophyll 
molecule or to a cell-wall constituent, those latter 
2 mol. must be closely linked themselves so that 
the complex may bo written as : 

Chlorophydn 

CO 2 >—complex 1-^ A i 

RH J 

It is generally agreed that the complex A^ needs 
four light quanta for the photochcmi(;al part of 
the change, and that there are also one or two 
thermal stages (“ Blackman reaction ”). This 
<;an bo represtmted as ; 

Aj^"!- hv —> A2 
A^-Jr-hv -> A 3 
A^-^-hv —>■ A 4 
A^-\-hv -> A 5 

^ 6 + HjO -> {r'^ch^^OH^} + Oj (Blackman) 

TheRCHjOH is then assumed to be capable of 
adding another COg with repetition of the stages, 
so a series of —CHgOH groups arc built up 
together on the cell surface, ultimately to split 
off as a newly formed sugar molecule. 

Speculations have been directed to the nature 
of the photo-processes and the chemical changes, 
if any, undergone by the chlorophyll molecule. 
It has been variously suggested that the chloro¬ 
phyll either enzymatically or under the in¬ 
fluence of the light and COg changes from its 
normal form represented as GH, to GO, G, 
or to G H. The reactive centre of the chlorophyll 
molecule is thought to be position ( 10 ) {see 
formula ,p. 693). If the four-quantum concept is 
correct, the change GHg-^-GH would be 
probably the only acceptable possibility among 
these. The chlorophyll molecule alternatively 
may be regarded as an electron reservoir, elec¬ 
trons being loosened by the action of light and 
taking part in the stages of reduction of the COa- 
It has fldready been explained how it is necessary 
t 6 assume that light quanta absorbed on different 
chlorophyll molecules must come together to 
act on one COa tftolecule; the experimental 


evidence indicating that about 2,000 chlorophyll 
molecules are “ energetically ” coupled. This 
aggregation of chlorophyll molecules, or “ photo- 
synthetic unit,” may be ” optical ” in nature, 

i.e., act as one “ conjugated ” molecule so that 
energy absorbed at one part may freely pass to 
another, or may be ” chemical,” involving the 
free mobility of reactive molecules over the sur¬ 
face of the cell. By means of a formal set of 
equations it is possible to represent the latter 
possibility with only one typo of photochemical 
change; 

'4(Ai-h/iv Ag) 

2(2A2 —> A^-f A3) 

2A3 —> 2Aj^-}- A5. 

Much remains to be done, however, before the 
inner details of the cell-surface reactions yield 
up their secrets. 
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RHTHALIC acid. The three dicar- 
boxy lie; acids of benzene are known as the 
phthalic acids. Of these the only one which has 
become of technical importance is o-phthalic 
acid, wliich is tlie compound always understood 
when the name “ phthalic acid ” is used without 
further qualification, the w-acid being dis¬ 
tinguished as i^ophthalic acid and the as 

torophthalic acid. 


o-PHTHALIC ACID, 

jCOOH 

I JcOOH 


1 o-Phthalic acid was first obtained by I^aurent 
in ] 836 by the oxidation of naphthalene and 
of tetrachloronaphthalene by nitric acid. He 
believed it contained all the ten carbon atoms 
originally present ii> the naphthalene, but 
Marignac a few years later assigned 4o it its 
present formida. 

Many oxidising agents have since been used 
for its preparation from naphthalene, sub¬ 
stituted naphthalenes, o-xyleiie, phenanthrene, 
etc., but the most satisfactory method up to 1918 
used sulphuric acid as oxidising agent in -the 
presence of mercuric sulphate as a catalyst and 
was described in 1896 in B.P. 18221 and by 
Schmidt (Ber. 1904, 37, 66 ). 

Phthalic acid on heating forms the very stable 
pMhalic anhydridef 


CO 
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which is technically the form in which phthalic 
acid finds most of its applications. The sul¬ 
phuric acid oxidation of naphthalene yields the 
anhydride as product, and to-day the vapour 
phase air-oxidation of naphthalene over a 
catalyst also yields the anhydride and not the 
acid. Only the anhydride enters into consider¬ 
able commercial transactions and as the two 
compounds arc so closely related they are being 
considered together in the following descriptions. 

Physical projKrtics are shown for both phthalic 
acid and phthalic anhydride in Table I. The 
solubilities of the acid are known in many sol¬ 
vents and are shown in Table 11, but there are 
few records concerning the solubility of phthalic 
anhydride, those published being shown in 
Table III. 

Table I. 


Table II.- 


Property. 


Appearance 


B.p. . . . 


Phthalic acid. 


White rhom- 
boidal plates. 


Dehydrates to 
auliydridc. 

Variable because 
of anhydride 
formation. 

200-230°, vari¬ 
able because of 
anhydride for¬ 
mation. 

1-593 jfr 


Phthalic 

aiiliydridc. 

White bold 
needles from 
benzene. Aj)- 
pears commer¬ 
cially usually 
as tiakes. 

285°/760 mm. 

2a4*5°/100 mm. 

159°/20 mm. 


1 Heat of com¬ 
bustion (Cj?) 

1 Heat of com¬ 
bustion 

J Heat of for¬ 
mation. 

2 Latent heat of 
fusion. 

2 Latent heat of 
vaporisation. 

Specific heat at 
20 °. , 

Heat of solution 

Vapour density 

3 Dissociation 
constants: 


770-21 kg,-cal.i)er 
mol. 

770-51 kg.-cal.per 
mol. 

-1 3 86-98 kg.-cal. 
per mol. 


778- 74 kg.-cal. per 
mol. 

779- 04 kg.-cal. per 
mol. 

110-1 kg.-cal. per 
mol. 

66 B.T.U. per lb. 


0-232 g.-cal. per 
g. 

-4,871 g.-cal. 
per mol. 


Dipole moment 
at 20 °. 


1-157 xlO-3/l6°c. 
1-141 X 10-3/20°c. 
1-123 X 10-3/25°C. 

3-936 X 10-6/18°O. 
8-937 X 10-6/20°o. 
3-906 X 10-6/25°C. 


-SoLTTBnJTIBS OF PllTHALIO 
Acid. 


SolublMty. 


5-25x10-18. 


61, 8543) and Verkade and Coops (Rec. trav. chim. 
1928,47, 606). 

2 Monroe (J. Ind. Eng. Chem. 1920,12, 969). 

3 The most recent and reliable determinations by 
Hamer et al. (J. Res. Nat. Bur. Stand. 1946, 85, 381, 
639). 


Solvent. 

Tem¬ 

pera¬ 

ture, 

°c. 

G. per 100 g. 
solution. 

G. per 
100 
mol, 
solu¬ 
tion. 

Ref. 

Water .... 

0 

0-36 


(D 

)> - . . . 

25 

0-701 


( 2 ) 

,, - t - - 

45 

1-446 


( 2 ) 

1 

65 

3-246 


( 2 ) 

„ .... 

85 

7-687 


( 2 ) 

.. 

101-1 

3 5-79 


( 2 ) 

Aqueous 10% 

Na 2 S 04 . . . 

25 

0-6440 


( 2 ) 

Ditto 

85 

6-401 


( 2 ) 

Aqueous 15% 





Na 2 S 04 . . . 

25 

0-5272 


( 2 ) 

Ditto 

85 

5-533 


( 2 ) 

Aqueous 55% KBr 

25 


0-29 

G) 

Aqueous saturated 





KCl . . . . 

25 


0-28 

(3) 

NaC! .... 

25 


0-10 

(3) 

MgCb . . . 

25 


0-08 

(3) 

Methyl alcohol 

-2 

3 5-1 


(D 

19 

19-5 


(D 


28 

21-9 


G) 

Ethyl alcohol, 90% 

15 

10-48 


(«*) 

,, absolute 

-2 

8-2 


(D 

»» 

15 

9-16 


( 6 ) 


19 

n -0 


(D 


28 

13-84 


h 

Propyl alcohol 

-3 

3-42 


(D 

19 

5-27 


(D 


28 

7-205 


(3) 

Butyl alcohol . 

28 

4-866 


(3) 

Acetone 

28 

7-860 


(3) 

Ether .... 

15 

0-679 


(^) 

t’liloroform 

28 

0-0256 


(3) 

Carbon tetrachlo¬ 





ride .... 

28 

0-00263 


(3) 

Benzene . 

28 

0-00951 


(3) 

Chlorobenzene 

28 

0-00852 


(3) 

Nitrobenzene . 

28 

0-0121 


(5) 

Toluene . . 

28 

0-00846 


(3) 

w-Xyleno . 

28 

0-00728 


(3) 

Liquid SO 2 

— 

“ insoluble ” 



„ NH 3 . . 

— 

“ insoluble ” 


— 


Table III. 


—Solubilities of Phthalic 
Anhydride. 


Solvent. 

Tempera¬ 
ture, °c. 

Solubility, 
g. per 100 g. 

Ref. 


solution. 


Water ♦ . . . 

0 

000295 

(D 

Carbon dlsidphlde. 

- 112-6 

0-013 



-20 

0-06 

P) 

99 

0 

0-20 

P) 

M 99 

20 

0-7 

P) 

99 99 

60 

1-7 

P) 

99 ft 

100 

5-0 

P) 

99 if 

180 

30-2 

P) 

Formic acid, 95% 

19-8 

4-46 

( 8 ) 

Pyridine . . . 

20-26 

45-6 

P) 


♦ Other recorded values for water are not considered 
reliable because of hydration to acid. 
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References to Tables II and III. 

General: A. Seidell, “ Solubilities of Organic Com¬ 
pounds,” 3rd ed., New York, 1941, pp. B70-75. 

^ Van der Stadt, Z. physikal Cliem. 1902, 41 , 353. 

2 McMaster, Bender, and Weil, J. Anier. Chem. Boc. 
1921, 43, 1205 ; Ward and Cooper, J. Physical Chem. 
1930, 34,1484, 

3 Herz and Hiebenthal, Z. anorg. Chem. 1928, 177 , 
303. 

4 'riinofcicw, Dissertation Kharkov, 1894. 

5 Desai and Patel, J. Indian Chem. Boc. 1935, 12, 
131. 

^^6 Bourgoin, Ann. Chim. Phys. 1878, [v], 13, 400 ; 15, 

7 Arctowski, Z. anorg. Chem. 1805, 11 , 273 ; Etard, 
Ann. Chilli. Phys. 1894, [vil], 2, 620 ; 3, 275. 

8 Asohan, Chein.-Ztg. 1913, 37 , 1117. 

9 Dehii, J. Amer. Chem. Hoc. 1917, 39, 1401. 

Monroe (J. Ind. Eng. Chem. 1920, 12, 969) 
determined . the vapour pressure of phthalic 
anhydride and gives the expression 

2823*5 

log,„i>=7-94234-y- 

where ^)=the vapour pressure in millimetres of 
mercury and 7^=absolute temperature. 

Phthalic acid is slightly volatile in steam. 
Crystals of phthalic acid can be grown to great 
size in water; facile super-saturation is a marked 
feature of aqueous solutions of the acid. For the 
electrical conductance of phthalic acid solutions, 
see Jones et al. (Amor. Chem. J. 1910, 42, 520; 
43, 187; 44, 159), Rivett and Sidgwick (J.C.S. 
1910, 97, 1677), Hunt and Briscoe (J. Physical 
Chem. 1929, 33, 1495). 

Freezing-point data for mixtures of phthalic 
acid and benzoic acid are given by Ward and 
Cooper {ibid. 1930, 34, 1484) and for mixtures of 
phthalic acid with phthalic anhydride and 
naphthalene by Monroe (J. Ind. Eng. Chem. 
1919, 11, 1110). Similar data for mixtures of 
phthalic anhydride with butyl phthalate and 
.96C.-butyl alcohol are given by Lomhaers (Bull. 
Soc. cliim. Belg. 1924, 33, 232); with 7 J-toluidine 
by Puschin and Zivadinovic (Bull. Soc. chira. 
Yugoslav. 1933, 4, No. 1, 23); and with phthali- 
mide by Grimm, Gimthor, and Tittus (Z. 
physikal. Chem. 1931, B, 14, 169). 

For the distribution of phthalic acid at 25°c. 
between water and ether, between water and 
xylene, and between glycerol and acetone, see 
Smith (J. Physical Chem. 1921, 25, 160, 204, 
605, 721; 1922, 26, 256, 349), and Chandler 
(J. Amor. Chem. Soc. 1908, 30, 700). 

For a very complete examination of the reduc¬ 
tion of phthalic acid at the dropping mercury 
cathode, see Furman and Brickcr {ibid. 1942, 64, 
660). The ultra-violet light absorption spectra 
of anhydride and acid have been examined by 
Menzel (Z. physikal. Chem. 1921, 125, 161) and 
Goslawski and Maschlewski (Bull. Acad. 
Polonaise, Class© sci. math. nat. 1934, A, 45). 
The Raman spectrum of phthalic acid is reported 
by Hertz, Kahovac, and Kohlrausch (Monatsh. 
1943, 74, 271). 

Chemical Pbopeetibs. 

Phthalic acid is converted by heating to 
phthalic anhydride, slowly at 150°c., rapidly 
above 180°c. The reaction is reversible and 


above about 50^0. the anhydride reacts rapidly 
with water to yield the acid. Heating phthalic 
acid with excess lime gives a mixture of products 
including benzene and diphenyl; between 330*^0, 
and 335°c. calcium benzoate is said to be the 
chief product of the reaction. The partial 
decarboxylation of phthalic acid to benzoic acid 
provides one of the principle industrial sources 
of the latter acid and forms the subject matter 
of many patents. The decarboxylation can be 
carried out in either the vapour or liquid phase 
with a variety of catalysts such as; pumice, 
alumina, mixtures of chromium and copper salts, 
zinc oxide, nhikel phthalate, etc.; a temperature 
of about 3()0°c. seems necessary with most 
catalysts for a reasonably rapid reaction. 
Phthalic acid forms many stable salts both acid 
and neutral {vide infra). 

Reduction with sodium amalgam and other 
reducing agents yields di-, totra-, and hexa- 
hydrophthalic acids. Electrolytic reduction of 
the free acid in water in tlie presence of sul- 
phm*ic acid with a lead cathode gives the 3:5- 
dihydrophthalic acid (Somlo, Z. Eloktrochem. 
1929, 35, 769). Solutions of ammonium, 

sodium, or potassium phthalates yield mostly 
phthalido, 



(Buhei Sakurai, Amer. Chem. Abstr. 1932, 26, 
3996; Holfino and Somlo, ibid. 1936, 30, 2855; 
Rodionov ct al.y ibid. 1937, 31, 6615). 

The two meta-directing carboxyl groups make 
phthalic acid very stable to oxidising agents and 
resistant to the attack of most inorganic re¬ 
agents ; thus the acid is very resistant towards 
concentrated sulphuric acid merely giving the 
anhydride until extreme conditions are reached. 
Halogens do not react except imder special con¬ 
ditions; formstance, hi alkaline solutions chlorine 
gives a mixture of 4- and 5-cliloro- and a little 
4:5-dichloro-phthalic acids (Ayling, J.C.S. 1929, 
253). Bromine docs not react under these con¬ 
ditions but a high yield of the 4-bromophthalio 
acid results with sodium hypobromite (Wall- 
mann, J. pr. Chem. 1930, [ii], 126, 65; see also 
U.S.P. 2394268). Iodine in the presence of 
nitric acid gives the 4-iodophthalio acid (Datta 
and Chatterjee, J. Amer. Chem. Soc. 1919, 41, 
292). 

Phthalic anhydride reacts slowly with cold 
water but rapidly with hot water to give the 
acid, and with alkalis to yield the corresponding 
salts. With alcohols, phthalic anhydride readily 
forms characteristic half esters, and this reaction 
has been extensively used for the characterisa¬ 
tion of alcohols and also for the resolution of 
optically active alcohols using alkaloid salts of 
the half esters. A catalyst such as sulphuric 
acid is usually required for producing the di- 
esters. PhthaHo anhydride yields phthalimic||»?' 
with dry ammonia, phthalamic acid with 
hoho ammonia and ammonium phthalarfWte 
with aqueous ammonia. ' 
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Alkaline hydrogen peroxide gives monoper- 
jjhthalic acid, 


COOH 



COOOH 


A mixture of products containing phthalide, 
o-toluic acid, and hoxahydro-o-toluic acid is 
given by the catalytic hydrogenation of phthalic 
anhydride using a nickel catalyst at 150°c. 
(Adkins et ah, ibid. 1933, 55, 1669). A full study 
of the reaction using many dififerent catalysts 
under various conditions has been made by 
Austin et al. {ibid. 1937, 59, 864; IJ.S.P. 
2114696) who showed that the highest yield of 
})hthalide was obtained in the presence of 
alcohol if a nickel catalyst were used, but in 
the absence of alcohol in the presence of a 
copper chromite catalyst. 

As with phthalic acid, phthalic anhydride is 
normally resistant to chemical attack and severe 
conditions have to be used to bring about sul- 
phonation, nitration, etc. Fuming sulphuric 
acid at high temperatures or sulphur trioxide 
under pressure brings about sulphonation to give 
4-8ulphophthalic anhydride. Fuming nitric acid 
mixed with concentrated sulphuric acid gives 3- 
nitrophthalic anhydride. Nitric acid with ex¬ 
cess boron trifluoride at 100°o. gives the same 
anhydride. Chlorine attacks the anhydride at 
high temperatures and in concentrated sul¬ 
phuric acid to give mono-, di-, and tetra-chloro- 
phthalic anhydrides according to conditions. 
Phthalic anhydride undergoes very many con¬ 
densation reactions and these are listed later. 
In some cases one of the CO groups appears 
to bo able to react as a keto group; thus a 
characteristic phthalylhydroxylamine is formed 
(Brady, Baker, Goldstein, and Harris, J.C.S. 
1928, 533), and phthalic anhydride undergoes a 
modified Perkin reaction with acetic anhydride 
and potassium acetate at 150-160°o., to yield 
phthalylacotio acid (Michael and Gabriel, Ber. 
1877, 10, 1564; Gabriel and Neumann, ibid. 
1893, 26, 952): 



-f (CH3C0)20 


CO 



HCOOH 


Salts.—The disodium and dipotassium salts 
are precipitated from aqueous solution by alcohol 
(hence determination of phthalic acid). The 
sodium phthalate is soluble to the extent of 0*06 
g./lOQ c.c. solution in 95% alcohol at 23*5^0., 
the potassium salt (>'0262 g./lOO c.c. at 20°c. 


Sodium hydrogen phthalate crystallises from 
water as NaHCgH 404 ,JH 20 , but the corre¬ 
sponding potassium salt always occurs in the 
anhydrous form. Both these acid salts were 
early suggested for standardising volumetric 
alkali solutions and for preparing standard 
buffer solutions (Dodge, J. Ind. Eng. Chem. 1915, 
7, 29; J. Amer. Chem. Soc. 1920, 42, 1655; 
llendrixson, ibid. 1915, 37, 2352 ; 1920, 42, 725 ; 
Patten, Johnson and Mains, ibid. 1918, 40, 
1166). Potassium hydrogen phthalate is widely 
used to-day for both purposes. It is best made 
by dissolving pure phthalic anhydride in a very 
slight excess of hot potassium carbonate solu¬ 
tion, adding a little water and crystallising not 
below 35°o. Recrystallisation can be carried out 
from water, again not below 35°o. The salt can 
be dried in air or in the oven, is stable and not 
hygroscopic (Hendrixson, he., and Smith, ibid. 
1931, 53, 3711). 

Solubility data for potassium hydrogen phthn - 
late in the presence of phthalic acid and di- 
potassium phthalate are given by Smith {he .); 
corresponding data for the sodium hydrogen 
phthalate by Smith and Strum {ibid. 1933, 55, 
2414); for sodium phthalate and sodium car¬ 
bonate by Smith and Hoegberg {ibid. 1941, 63, 
1866); for sodium phthalate and sodium sul¬ 
phate by Foote and Smith {ibid. 1924, 46, 84). 

Clark and Luhs (J. Biol. Chem. 1916, 25, 479) 
introduced a set of buffer solutions using 0*1 m. 
potassium hydrogen phthalate solution with 
varying quantities of NaOH or HCI differing 
by values of 0-2 i)H for colorimetric determina¬ 
tion of hydrogen ion concentration. 0-05 m. 
potassium hydrogen phthalate solution has 
become accepted as a standard for pH, recent 
determination giving pH 4-025 at 38°c. and 
4-010 at 25°o. (Russell and Stauffer, J. Amer. 
Chem. Soc. 1938, 60, 2820; Hitchcock and 
Taylor, ibid., 1938, 60, 2712). Hamer and Acree 
(J. Res. Nat. Bur. Stand. 1945, 35, 381; 1946, 
36,47) made a very detailed and precise examina¬ 
tion of the pH of potassium hydrogen phthalate 
solutions and give 4-005 as the value of pH of 
0-05 M. potassium hydrogen phthalate solution 
at 26°o. and suggest mixtures of solutions of di¬ 
potassium phthalate and potassium hydrogen 
phthalate with or without KCI as standard 
buffer solutions between the values of 4-87 and 
6-72 pH. The same authors give values for the 
pH of 0-06 M. potassium hydrogen phthalate 
solution at 6® intervals from 0* to 60°o. Solu¬ 
tions of potassium hydrogen phthalate are 
opaque to ultra-violet light at and beyond 
3,000 A. and are suggested for use as ultra-violet 
light filters (Saunders, J. Opt. Soc. Amer. 1928, 
16, 362). 

Many other salts have been described. Ekeley 
and Banta (J. Amer. Chem. Soc. 1917, 89, 759) 
summarise the data on known metallic salts and 
describe the preparation of others. The follow¬ 
ing list of known salts is drawn largely from this 


paper and from later publications, C, 
representing the divalent residue 

XQO 

Jcoo 
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(NH,)j,(Cj.H,0.); NH4H(C8H404)i 
Li,(e 8 Hi 64 ); Lu(C 8H,04)8,3H86: 
LiH(C 8 H 404 ), 2 H 80 ; Naa(C 8 H 404 ): 

Na4(C8H404)j.7H80; 

^^2^2 ^^8^4^4)2* ^2^ » 

NaH(C«H404),2H26; 

KH(C«H,0,); 

^2(^8^4^4)(^8^4^4^2)2»^^2^ > 

RbH(C«H,04); CsHiC^H.O,); CuCC^H^O^); 
CuCCgH.O^XHgO ; Cu,K^{C,H^O^)sJH.O; 
Ag^{C,H,0,); Be(C,H,0,),H^0; 
Ca(CgH404); Ca(CgH404),H20; 

C^^2(^8^4^4)2 » ^^H2(^8^4^4)2’^2^ » 
Ba(CpH 404 ); Ba 5 (CgH 404 ) 5 , 6 H 20 ; 

BaHo(CgH404)2; BaH2(CgH404)2»H20 ; 

®^5^2(^8^4^4)6 » {^8^4^4)3’» 

^^5(^8^4^4)5»®^(^ ^)2’ ^^£2(^8^4^4^’^^2^» 

Hg{C«H404),HoO ; Sc(0H)(C8H404),H20; 

Y2(C8H404)3,3H20; 

Y2(CgH404)3,(C8H404)H2; 

CeH,(C«H404).,,3H20; 

C‘^2(C8H404)3,10H20; CeH3(C8H404)3; 


Ce2(C8H404)3,(C8H.04)H2,4H20; 
Tl2(C8H404); Th(e8H404)2,5H20; 
Pb(C8H404); Bi(C 8 H 404 H) 3 , 
U0,(C8H404),3H20 ; U02,(C8H404),2H20 

Mn(C8H404); Fe(0H)(C8H404),2H20; 
Co(C 8H404),2H20; Ni(C8H404),2H20. 


Titanium, lead, cadmium, barium, and zinc 
phthalates have all been buggestod for use as 
pigments in paints and to reduce “ chalk ” 
(Chicago Paint and Varnish Production Club, 
Nat. Paint Var. Assoc., Sci. Sect. 1937, Circular 
No. 546, p. 251 ; U.S.P. 1934171; 2037322 and 
3; 2244258; B.P.455717; Gardner, Ind. Eng. 
Chem. 1937, 29, 640). 

Disodiurn phtJialate is put to use in several 
ways in the tanning industry (Jaeger, J. Amer. 
Leather Chem. Assoc. 1936, 31, 302) and two 
patents cover its use in chrome tanning (B.P. 
461087; 461685). 

Solubility figures for salts of phthalic acid in 
water are summaristid in Table IV. 


Taulk IV.— Solubilities of Metallic Phthalates in Wateii. 


Salt. 

rempera- 
t lire, “(!. 

Solubility, g. per 100 g. 
solution, unless otherwise 
stated. 

lleference. 

(NH,)i,(C 8 H, 0 ,). 

— 

“ Soluble ” 

0) 

Li 2 (CgH 404 ). 

Naa(CnH^O^) (solid phase 2 Na«,(CflHA 04 ), 

— 

“ Moderately soluble ” 

C) 

7H,0) 

0 

40-73 

(=) 

>» »> »> 

25 

43-81 

(’) 

»» >5 »» 

35 

45-66 

C) 

2NaH( 0 ^ 14464 ),H 2 O 

50 

50-60 

(') 

(*) 

26 

About 10 

k.(C 8 H,o,). 

0 

60-4 

(") 

>» . 

25 

74-8 

(") 

J> . 

35 

78-5 

(") 

kh(c”h 40 ,)’ 

60 

78-9 

(") 

25 

10-23 

(“) 

»> . 

35 

12-67 

(®) 

„ . 

C.p. 

36-12 

(') 

Cu(C 8 Hi 0 ,),H 20 . 


“ Sparingly soluble” 

('“) 

Cu4Kg(C,Hi0i)8,7H,0. 

— 

About 0-7 

(’) 

Ag,(C,H 40 ,). 

Ca(C 8 H, 0 ^),H ,0 . 

— 

“ Sparingly soluble ” 

{‘“) 

(«) 

— 

About 0-25 

Ba(C,H,0,). 

C.p. 

“ Sparingly soluble ” 

(») 

Hg.(C,H, 04 ), 2 H ,0 i Hg<C,H, 04 ),H ,0 . . 

Sc 6 H(C 8 H 404 ).H ,0 . 


Both precipitated 

(") 

— 

Insoluble 

( 10 ) 

Y,(C,H404)3,3H,0. 

Ce(CaH404)3,(C8lH404)H,.4H,0 .... 

Ce,(CgH,O 4 ) 3 , 10 H,O. 

Th(CgH 404 )g, 6 H ,0 . 

— 

Insoluble 

(") 

22*5 

2-988 as anhydrous 

( 10 ) 

23 

2-945 as anhydrous 

(12) 

— 

“ Moderately soluble ” 

“ Insiduble ” 

(=) 

PbICgH.O,). 

BKCgHgOgH),. 

U 0 »(C 8 H 404 ), 2 H ,0 . 

Co(C 8 H 404 ), 2 HaO. 

— 

(”) 

— 

“ Insoluble ” 

(13) 

— 

“ Moderately soluble ” 

C) 

— 

“ Sparingly soluble ” 

(") 

MtifCgHgO,); Ni(CjH 404 ). 2 Ha 0 .... 

— 

Both precipitated 

(-) 


Refebenoes. 

1 MoMaster, Amer. Chem. J. 1938,49, 298. « Salzor, Ber. 1897, 30,1498. 

2 Ekeleyand Banta,J. Amer. Chem. Soc. 1917,89,759. ^ Carlus, Annalen, 1869,148, 64, 

, 3 Smith and Sturm, ibid. 1938, 86 , 2414. 10 Crookes, Chem. Kews, 1910,102, 99. 

4 Dodge, J. Ind. Enisp Chem. 1915,7, 30, 11 Pratt and James, J. Amer. Chem. 80 c. 1911, 33, 

5 Smith, J. Amer, Chem. Soc. 1981, 88 , 8711. 1331. 

6 HeadrixAon, iifid. 1920,42, 724. 12 Brimbach and Killian, Annalen, 1909, 368^ 116. 

7 Pickering, J.O.S. 1912,101,182. 13 Vanino and Sartl, J. pr, Chem. 1906, [ii],74,149 
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Detection. —The interconversion of phthalio 
acid and anhydride is a useful aid to the detec¬ 
tion of phthalic acid and its derivatives. The 
ready formation of a stable anhydride, with 
sharp melting-point, distinguishes phthalic acid 
from and tere-phthalic acids. The most 
used, and probably most sensitive test, is the 
formation of fluorescein from phthalic acid or 
anhydride and resorcinol in the presence of a 
catalyst such as concentrated sulphuric acid. 
This has been much investigated and it would 
seem advisable, when testing mixtures, to carry 
out the test on saponified material, making use 
preferably of the dipotassium salt of phthalic 
acid, which is insoluble in ahsoluto alcohol, for a 
preliminary separation {vide infra, “ Determina¬ 
tion,” and Kappelmeier, Farben.-Ztg. 1935,40, 
1141). The resorcinol test is very sensitive, but 
not completely specific, and confirmation using 
thymol (Totddte, ibid. 1940, 45, 67) or phenol in 
place of resorcinol is recommended. Thus 0-05- 
0-1 g. of the sample, or preferably of the dipotas¬ 
sium salt as prepared for quantitative determina¬ 
tion, is heated to 150-160° for 2-3 minutes with 
an equal weight of resorcinol and 1 drop of sul¬ 
phuric acid; the cooled mass is treated with a 
few millilitres of dilute sodium hydroxide solu¬ 
tion and then poured into 500 ml. water; an 
intense yellow green fluorescence due to fluores¬ 
cein indicates the presence of phthalic acid in 
the sample. Use of thymol in place of resorcinol 
gives an intense blue, use of phenol a bright red. 
In place of sulphuric acid, stannic chloride has 
been recommended as a catalyst at a tempera¬ 
ture of 110 °. 

Conversion of phthalic acid or anhych^de to 
phthalanil is another convenient and distinctive 
test: 0*1 g. of the acid or anhydride is heated 
with about 0-5 ml. aniline for 16 minutes with 
gentle refluxing, 10 ml. 60% alcohol added, the 
soUd filtered off from the cooled mixture and 
crystallised from boiling alcohol. Phthalanil 
forms white plates, m.p. 204-205°. 

A convenient test for phthalic eaters is pro¬ 
vided by the production of the N-benzylamido 
of phthalic acid direct from the ester by re¬ 
fluxing a mixture of 1 g. ester, 3 ml. benzylamine 
and 0-1 g. ammonium chloride. The amide is 
crystallised from aqueous acetone and alcohol 
and melts at 178-179° (Dermer and King, J. Org. 
Chem. 1943, 38, 168). 

Other derivatives suitable for identification of 
phthalic acid are the diphenacyl ester, m.p. 
164-4°; the di-jp-bromophonacyl ester, m.p. 
362-8°; the di-^-phenylphenacyl ester, m.p. 
167-5°; the di-jo-nitrohonzyl ester, m.p. 155-5°; 
the acid benzyl ester, m.p. 106-107°; the S- 
benzylthiuronium salt, m.p. 151°; the p- 
hromohonzylpseudothiuronium salt, m.p. 166° 
(Kelly and Kleff, J. Amer. Chem. Soc. 1932, 54, 
4444; Drake and Sweeney, ibid. 1932, 54, 2059; 
Donleavy, ibid. 1936, 68 , 1004; ibid. 1941, 63, 
3626; Lyman and Reid, ibid. 1917, 39, 701). 

Determination of Phthalic Acid, 
Anhydride and Derivatives. 

Phthalic acid, or anhydride after hydrolysis, 
can be titrated conventionally against standard 
alkali, although it has been recommended to use 


indicator solution (commonly phenolphthalein) 
made up in non-alcoholic solvents. Crude 
phthalic anhydride can be analysed by sublima¬ 
tion of a sample at 200 - 220 ° into a plug of 
cotton which is then extracted with a known 
volume of boiling N./IO NaOH, the excess of 
which is titrated against standard acid solution 
(Boswell, ibid. 1907, 29, 236 ; Downs and Stupp, 
J. Ind. Eng. Chem. 1918, 10, 696). Phthalic 
anhydride in the presence of phthalic acid can 
be determined by firstly titrating against n./2 
sodium methoxide solution in methanol using 
dioxan or acetone as a solvent and then titrating 
a second sample in pyridine against n./ 2 NaOH 
solution. The two reactions involved are : 



CHgONa 


\/^"^COONa 


2NaOH 


^COONa 


+ HaO 


^COONa 


and the difference in the titre of the two samples 
is equivalent to the anhydride present whatever 
free acid is contained in the sample (Smith and 
Bryant, J. Amor. Chem. Soc. 1936, 68 , 2463). 
Mixtures of acid and anhydride can also bo 
analysed by use of the Karl Fischer reagent, by 
complete hydrolysis of the anhydride either in 
the presence of a boron trifluoride catalyst, or 
in pyridine with sodium iodide as catalyst, 
followed by titration of the excess water with 
Karl Fischer reagent (Smith, Bryant, and 
Mitchell, ibid. 1940, 62, 608; 1941, 63, 1700). 

The determination of phthalic acid and 
derivatives in various products {e.g., phthalates 
in denatured alcohols, in plastics, etc.) has been 
the subject of much investigation, but the most 
satisfactory techniques evolved depend upon 
either the isolation of the sparingly soluble lead 
phthalate or the precipitation in alcoholic solu¬ 
tion of potassium phthalate. 

Schrader and Wolter (Ges. Abh. Kennt. Kohle, 
1921, 6 , 79) suggested the use of the relatively 
insoluble lead phthalate in dilute acetic acid as 
a means of separation of phthalio acid from 
benzoic acid; Fonrobert and Miinchmeyer, 
(Farben-Ztg. 1936, 41, 747) and Briickel (Farbe 
u. Lack, 1936, 451) determined phthalates in 
varnishes, and Thames (Ind. Eng, Chem. [Anal.], 
1936, 8 , 418) in cellulose nitrate and plasticisers 
by precipitation of lead phthalate with lead 
acetate and conversion of this precipitate into 
lead sulphate. The inadvisability of weighing 
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the precipitated lead phthalate and hence 
deducing the phthalic acid present is shown by 
the work of Smith and Strempfer {ibid. 1944,16, 
416). 

The use of the insolubility of dipotassium 
phthalate in absolute alcohol was suggested for 
the detection of phthalic esters in essential oils 
by Bennett and Garratt (Perf. & Esscnt. Oil 
Bee. 1923, 14, 359) and applied for determination 
purposes in perfumery products by Handy and 
Hoyt (J. Amer. Pharm. Assoc. 1926, 15, 454) 
and Walbaum and Bosenthal (Bcr. Schimmol, 
1929, 195). Naves and Sabetay (Perf. & Essent. 
Oil Bee. 1938, 29, 22) review this method and 
suggest for the determination of phthalic esters 
ill essential oil and perfumery products the 
following procedure: 1-2 g. of the sample is 
refluxed for 1 hr. with 25 ml. n./2 sodium 
hydroxide in absolute alcohol, then cooled in ice 
and filtered through a sintered glass filter. The 
precipitate is washed with 30-50 ml. ice-cold 
absolute alcohol, a mixture of 5 ml. absolute 
alcohol and 10 ml. dry ether, and dried at 
140° to give anhydrous C 8 H 4 O 4 K 2 . The weight 
found multiplied by the factor 0-917 gives the 
weight of ethyl phthalate in the sample. 

The dipotassium salt method has been adapted 
by Kappelmeior (Farben-Ztg. 1935, 40, 1141; 
1936, 41, 161; 1937, 42, 561) to the determina¬ 
tion of phthalic anhydride in alkyd resins, and 
materials containing these rosins, and is the 
most widely used method to-day for this purpose. 
As detailed in A.S.T.M. Standards, 1944, Pt. II, 
p. 1511 (Designation D. 563—43) for the dotor- 
inination of phthalic anhydride in alkyd resin 
solutions, the method is as follows : A quantity 
of the liquid, equivalent to 2-3 g. solid content 
is weighed into a 500 ml. flask litted by means of 
a ground glass joint with an air reflux condenser 
32 in. in length; 10 ml. benzene are added and 
the mixture warmed until homogeneous when 
150 ml. of O-Sn.-KOH in absolute alcohol are 
added. After w-arming at 60° for 1 hour the 
mixture is refluxed gently for 3 hours, cooled, 
allowed to stand 1 hour and the sides of the 
flask washed down with 50 ml. absolute ether. 
The precipitate is filtered off on a Gooch con¬ 
taining an asbestos mat, and washed with 50 
ml. of a mixture of equal parts of absolute 
alcohol and ether, using five 10 ml. portions and 
not allowing air to suck through the crystals 
because of their hygroscopic nature. The solid 
is dried for 1 hour at 60° and then to con¬ 
stant weight over sulphuric acid in an evacu¬ 
ated desiccator. One g. of the precipitate, 
C 8 H 404 K 2 ,CaH 5 - 0 H, is equivalent to 0-5139g. 
of phthalic anhydride. Goldberg (Ind. Eng. 
Chem. [Anal.], 1944, 16, 198) has suggested 
several modifications, including drying at 160° 
for 3-4 hours to give quantitative loss of alcohol 
to C 8 H 4 O 4 K 2 and saponifying the original 
sample by warming 4-5 hours with 0-6 N. 
alcoholic KOH at 65°. He also suggests a 
volumetric procedure to estimate the -dipotas¬ 
sium salt, utilising 0*1 N. perchloric acid in 
glacial acetic acid in the presence of acetic an¬ 
hydride with, preferably. Methyl Violet as 
indicator. The method is reliable for simple 
alkyd resins but for the determination of phthsdic 
anhydride in products containing taU oil. 


naphthenates, and dibasic acids such as maleic 
some modifications are necessary (Philipp and 
Scholz, Farben.-Ztg. 1942, 47, 87; Kappel- 
racior and Van Goor, Verfkroniek, 1943, 16, 8 , 
17). A revised Kappelmeier method is described 
by Eickhoff, Kebrich, and Wills (Ind. Eng. 
Chem. 1945, 87, 399) for determining phthalate 
content of pigments separated from red lead 
paints but no reliable method was found for 
determining the phthalate content of the ex¬ 
tracted vehicle. 

A third method for determining phthalic an¬ 
hydride content of alkyd resins has been 
described by Kavanagh (Ind. Eng. Chem. 
[Anal.], 1936, 8 , 397) and is based upon the fact 
that careful acidification of the saponified resin 
allows the freeing of fatty acids without liberating 
any phthalic acid; the fatty acid is removed by 
ether extraction and the phthalic acid sot free 
by further acidification. 

Technical Manufacture. 

Two processes only have become important 
for the industrial production of phthalic an¬ 
hydride. The earlier method discovered in the 
late part of the nineteenth century involved the 
oxidation of naphthalene in the liquid phase by 
concentrated sulphuric acid in the presence of 
mercmic sulphate or other metallic salts as a 
catalyst. Biedig and Brown (Z. physiltal. Chem. 
1903, 46, 502) showed that the velocity con¬ 
stant for this oxidation of naphthalene with 
sulphuric acid at 275°o. was increased five-fold 
by the addition of 1 % mercuric sulphate. 

The original patents (G.P. 91202; B.P. 18221, 
1896) described how 100 kg. naphthalene, 
1,500 kg. sulphuric acid monohydrate, 60 kg. 
mercuric sulphate, were heated gradually from 
200° to above 300°c, so that the phthalic an¬ 
hydride finally aU distilled out from the iron 
retort leaving mercuric sulphate behind, suit¬ 
able for re-use. Semi-continuous production 
was achieved by feeding portions of a mix¬ 
ture of sulphuric acid and naphthalene into 
a still containing more sulphuric acid and mer¬ 
curic sulphate, distilling over the phthalic an¬ 
hydride formed until a residue was left and then 
repeating the procedure. In all cases the crude 
phthalic anhydride had to be separated from 
sulphuric acid in the distillate and was purified 
by washing and sublimation. The strength of 
acid used varied and Wibaut (Ingoniour Chimiste, 
1926, 10, 177) in a review and description of 
sonie investigation into the process, claims that 
the best yields were obtained with 20 % oleum in 
amount equal to twelve times the weight of 
naphthalene and used at a temperature of 28.5- 
295°c. A mixture of mercuric and copper sul¬ 
phate is said to be preferable to mercuric sul¬ 
phate alone. Various other metallic salts have 
been suggested as catalysts for this process but 
there is little evidence of their industrial use. 
Until the end of the First World War, this 
process provided the only commercial source for 
phthalic anhydride, but during the war-years 
the modem vapour-phase oxidation of naphtha¬ 
lene with air over a vanadium pentoxxde catalyst 
was discovered almost simultaneously in Ger¬ 
many by Wohl and in America by Conover 
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and Gibbs. Walter (J. pr. Chem. 1896, [ii], 6, 
107) had demonstrated the use of vanadium 
pentoxide as a catalyst at 500°c. for the oxida¬ 
tion with air of aromatic hydrocarbons such as 
toluene. In 1916 Wohl filed G.P. 379822 claim¬ 
ing the use of vanadium pentoxide between 300° 
and 680°c., whereas a year later Gibbs and 
Conover applied for U.S.P. 1285117 claiming 
the same type of catalyst between 350° and 
550°c. 

Since these early years of the process many 
patents have been filled describing types of 
catalyst, construction of plant, operating pro¬ 
cedure, and methods of purification. It is diffi¬ 
cult to assess the value of each patent especially 
as the individual manufacturers of phthalic 
anhydride disclose little about the details of 
their processes and because there has been but 
little fundamental work on the reaction. Apart 
from the many patents which are listed below 
on various aspects of, the process the following 
papers contribute considerable information, 
especially that of Conover and Gibbs concerning 
the early American work on the reaction, and 
those of Mari sic and of Brown and Frazer on the 
mechanism of the reaction : C. Conover and 
H. }). Gibbs, J. Bid. Eng. Chem. 1922, 14, 120; 
M. M. Marisic, J. Amcr. Chem. Soc. 1940, 62, 
2312; 11. T. Brown and J. C. W. Frazer, ibid. 
1942, 64, 2917; K. N. {Shreve and K. W. Wel- 
born, liid. Eng. Chem. 1943, 35, 279. 

o-Xylonc has recently been used as a raw 
material in place of naplithalene in one large 
plant in the U.S.A.: the catalyst and converters 
used are apparently very similar to those of 
the more conventional naphthalene-consuming 
plant. A very full description of this interesting 
development is given in Chem. Eng. 1946, 53, 
No. 8, 116, 138. 

Catalysts. 

Besides vanadium jjentoxide many other cata¬ 
lysts have been suggested, but it is fairly certain 
that to-day little use is made of any of these 
other suggestions. Conover and Gibbs tried out 
many metallic oxides but claimed that vanadium 
pentoxide was the preferable one, molybdenum 
oxide being the next best; yields of phthalic 
anhydride were 82 and 68% respectively. 
References to catalysts other than vanadium 
pentoxide are: alumina (U.S.P. 1374722; 

1930716 ); ferric oxide with iron pentacarbonyl 
(U.S.P. 2270779); vanadyl chloride (B.P. 
164785); tin or bismuth vanadate (B.P. 
228771). 

The early vanadium pentoxide catalysts were 
either lump or powdered oxide alone, or oxide 
supported on pumice. It is certain that all 
commercial catalysts to-day are of the supported 
type, but the patent literature is so full of varia¬ 
tions that it is not easy to give fuU details of 
these. The modem tubular convertor (vide 
infra) has made the use of a pelleted or granular 
form of catalyst essential, and moreover the 
I)ellets must be capable of remaining at about 
400°o. for a long time without powdering. 
Many supporting materials for the vanadium 
pentoxide have been suggested and many pro¬ 
moters patented. Shreve and Welbom decided 
that the most successful catalyst of the many 


tried was that obtained by decomposing am¬ 
monium metavanadate by heating and fusing 
the resulting oxide on a commercial silica gel of 
8-10 mesh until the carrier was coated with 
a dull purplish rod oxide. The literature is 
unanimous in agreeing that fused oxide is 
preferable to a precipitated material. 

The performance of individual catalysts is very 
often difficult to ascertain from the literature 
and even in some of the academic contributions 
the yield of phthalic anhydride is estimated 
simply by alkalimotric titration, ignoring the 
substantial and variable amount of maleic 
anhydride present. 

A list of patents concerning the use of vana¬ 
dium pentoxide and of supporting materials for 
the oxide follows: 

Claims and Comments. 
rThe original Gibbs patent claiming 
vanadium pentoxide active 350 - 
L 550°o. 

rThe original Wohl patent claiming 
I vanadium pentoxide active be- 
I tween 300'" and .580“0, Pumice 
L described as carrier. 

The early patent (1904) of Walter 
claiming vanadium pentoxide as 
a catalyst at above !j00°0. 
Vanadium pentoxide and pyro- 
vanadates. 

Vanadium j>entoxidc heated above 
500'"o. claimed as au oxidation 
catalyst for many reactions. 
Vanadium pentoxide mixed with 
other oxides of vanadium or 
molybdenum. Presence of 
sodium, copper, lead, cobalt, 
aluminium, and cadmium oxides 
said to decrease phthalic an¬ 
hydride yield and to increase 
production of maleic anhydride 
Phosphate incorporated to reduce 
by-product formation and to 
diminish violence of reaction. 
Vanadium pentoxide activated 
witli titanium or zirconium, on 
pumice as a carrier. 

Vanadium pentoxide activated 
with silicon or zirconium car¬ 
bide. 


Mechanism. 

The fundamental mechanism of this reaction 
is probably complex and has not yet been 
worked out. Besides phthaHc anhydride there 
is always present in the reaction product up to 
about 6% of maleic anhydride, smaller quantities 
of I:4-napbthaquinone, benzoic acid, and pro¬ 
bably other impurities. In addition to carbon 
dioxide and water, carbon monoxide is always 
found in the gaseous products. No fully satis¬ 
factory mechanism has yet been substantiated to 
explain the formation of all these products. 
That the main reaction is a step-wise oxidation 
through the l:4-quinone or corresponding 
hydroxyl compound has received considerable 
support in the past but with little factual evi¬ 
dence. It is made unlikely by the demonstra¬ 
tion of Brown and Frazer that this quinone itself 
gives a ve^ low yield of phthalic anhydride 
when oxidised. The presence of any other 
quinone or hydroxyl compounds has not been 
satisfactorily shown. The production of the 


Patent. 

Jt.P. 1195J8 
I U.S.P. 1285117 

B.P. 145071 
G. P. 379822 

(J.P. 168201 

F.P. 035717 
B.P. 170022 

U.S.P. 1489741 

U.S.P. 2294130 
TT.S.P. 2157965 
U.S.P. 1930716 
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maleic anhyrlrido can bo conjectured as arising 
from oxidation of the l:4-quiiione, from the 
further oxidation of phthalic anhydride or from 
the further oxidation of benzoic acid. Again 
tereh is no proof as to which route is actually 
followed, but further oxidation of phthalic an¬ 
hydride would seem the most likely. It is 
known that phthalic anhydride yields some 
maloic anhydride under the conditions necessary 
for naphthalene oxidation. The formation of 
benzoic acid would seem to be most satisfactorily 
explained by the partial decarboxylation of 
])hthalic acid at the high temperatures of the 
reaction. From what stage in the process the 
carbon monoxide originates is unknown but 
Brown and Frazer conclude from their quantita¬ 
tive results that this gas is made in considerable 
quantity at some time during the process and 
that part of the carbon dioxide comes from 
oxidation of the monoxide. 

A. 0. Jaeger (J. Amor. Leather Chem. Assoc. 
1986, 31, 302) mentions that carbon suboxide, 
C 3 O 2 , is also present in the reaction gases and 
widtcH efiliations showing its production with 
maleic anhydride from the oxidation of phthalic 
anhydride or from benzoic acid, but there is no 
supporting evidence. However naphthalene is 
oxidised, very considerable quantities of heat 
are generated, the figures being for the most 
significant overall reactions: 

Naphthalene Naphthaquinonei -121 kg.-cal. 

,, -> Phthalic anhydride -f 428 kg.- 

cal. 

„ -> Maleic anhydride-1-874 kg.- 

,, CO 4 H 2 O-I- 55 I kg.-cal. 

„ COa+HgO-l-1,232 kg.-cal. 

Thus it will bo seen that the removal of heat 
from the reaction zone will be a very critical 
factor in the successful performaiioo of the 
operation. The actual way in which the catalyst 
itself brings about the reaction is not known but 
quite early it w^as established that the pentoxide 
became reduced to lower oxides; Weiss, Downs, 
and Burns (Ind. Eng. Chem. 1923, 15, 966) 
reported tKat the extent of the reaction was not 
dependent on the ratio of VgOg to V 2 O 4 . 
More recently Pongratz and Scholtis (Ber. 1943, 
76 [B], 117) showed by both X-ray diffraction 
and chemical analysis this same production of 
lower oxide. 

Process and Plant. 

Essentially the process is a simple one, but the 
means of bringing it about economically have 
been developed very largely since the early days. 
This is made apparent by the large number of 
patents covering types of apparatus and methods 
of procedure. Unfortunately there has been no 
reliable description of the plant as a whole 
except in the recently published reports of in¬ 
vestigating teams sent to examine German 
chemical industry. 

Four of these reports, C.I.O.S. File No. XXVII 
-^ 0 , XXVIMS, and XXVIII-*29, and 
B.I.O.S. Final Report No. 763, describe in 
some detail the phthalic anhydride plants at 
Uerdingen, Ludwigshafen, and Schkopau. Al¬ 


though the German procedure and plant is 
probably not identical with American and 
British equivalents the differences are likely to 
be only in detail and the following account is 
based largely on these four reports. 

Naphthalene of hot pressed quality (c.p. < 78°o.) 
was filtered at 120-130°c. and fed via a rotameter 
to a carburettor shown diagrammatical ly in 
Fig. 1 . In this carburettor ilio hot naphthalene 
descended a stepped spiral together with hot air 
passing in the same direction ; all the naphtha¬ 
lene was evaporated before reaching the bottom 
of the spiral and the mixed vapours then passed 
upwards through a pipe threading the centre of 
the spiral. The air was fed from a rotary com¬ 
pressor w^orking at about 7 lb. per sq. in. gauge 
pressure, via a tubular heat-exchanger through 
which the hot reaction-gases after oxidation also 
passed. The air passing to the carburettor was 
thus heated to lOff'c. The proportion of 
naphthalene in the air mixture was 0*63 molar 
per cent., well below the explosive limit of such a 
mixture. About 244-286 lb. x>er hour of naph¬ 
thalene were fed to the ftatalyst. The reaction 
vessel (or convertor) containing the catalyst was 
similar to a tubular heat-exchanger but con¬ 
tained a hollow central core. The vessel is 
shown diagrammatically in Fig. 2, It contained 
nearly 3,000 vertical tubes, 25 mm. internal 
diameter, 3*0 m. long, filled with catalyst pellets 
about 5 mm. diameter by 6 mm. long. The 
tubes were surrounded with molten potassium 
nitrate-sodium nitrite mixtm’e which was cir¬ 
culated uj)wards through the central core and 
downwards round the tubes by a submerged 
pump. Tubular air coolers carrying cooling 
air from a subsidiary blower were immersed in 
the salt mixture to remove the surplus heat of 
reaction. The temperature of the catalyst, 
measured by eleven thermocouples arranged to 
slide into the tubes, was kejit at 350''o. for a new 
catalyst or up to about 400°c. for an aged 
catalyst by manual control of the cooling air. 
No great precision in controlling the ratio of 
naphthalene to air was attempted. 

From the bottom of the convertor the inixt ure 
of oxidation products at nc'arly 400°c. i)asscd to 
the afore-mentioned heat exchanger and thence 
to the condensing system, which consisted of 
16 mild steel rectangular vessels 20 ft. long, 15 ft. 
high, and 2 ft. 6 in. wdde, all arranged in series. 
The gases enter one end of each vessel, jiass 
through to the bottom, round and under a central 
baffle and then upwards to the exhaust. The 
first two or four were water cooled, the remainder 
lost their heat to atmosphere onl^'. Solid 
phthalic anhydride was removed from each con¬ 
denser by a screw conveyor which emptied into 
a bucket-conveyor fecciing melt-kettles. The 
gas issuing from the last exmdenser was at about 
40°c. and was exhausted from the system by fan 
direct to atmosphere. The crude phthalic an¬ 
hydride was charged in 17 ton batches to steel 
melt-kettles together with 12-60 lb. of 98% 
sulphuric acid. The mixture was heated to 
about 200 *^ 0 . for several hours, then noutralisod 
with chalk and charged directly to a batch steel 
still of 6,000 gal. capacity, heated by a coil 
welded to the outside surface and carrying^steam 
at 300“c. A short column filled with Raschig 



600 


PHTHALIC ACID. 



Fig. 1. 


rings was fitted to the still and the phthalic an¬ 
hydride was distified with a slight but un¬ 
measured reflux and at 30 mm. mercury pres¬ 
sure. The phthalic anhydride vapour was con¬ 


densed in a condenser using an ethylene gly^l- 
water mixture boiling just above the melting- 
point of the anhydride. Some residue was left 
in.the still but the whole of the distillate was 
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fed to a drum flaker as pure phthalic anhydride. 
When about 9,()()() lb. of residue had collected 
from several distillations these were charged to 
a second still fitted with a powerful stirrer and 
heated similarly to the refining still. This charge 
was then distilled to dryness, the distillate being 
fed back into the crude anhydride, the residue 
being discharged mechanically by the stirrer 
through a side manhole in the still. The yield of 
refined phthalic anhydride was about 80% of 
theory. 


The monthly production of a single unit was 
from 75-100 tons. The total cost of the 
Uerdingen plant of capacity 300-400 tons jjer 
month is given as 4*5-5 million Reichmarks. 

Various types of convertors are described in 
a.S.P. 1599228; 1909358; 1936610; 1945353 ; 
1945812; 1959898; 2117359; 2142678; B.P. 
283887; 534743. Various heat-exchange liquids 
for use in the convertors have been patented: 
Mercury in U.S.P. 1873876; mercury alloys 
with cadmium in U.S.P. 1689860; with load and 



tin in U.S.P. 1735951; and with load in U.S.P. 
1834679; see also B.P. 282559; mixtures of 
sodium and potassium nitrates in B.P. 275321 
and mixtures of sodium nitrate and nitrite in 
U.S.P. 1936610 and 1945812. 

Removal of heat of reaction by means other 
than through a heat-exchange medium have 
been patented as follows; Use of excess air, 
U.S.P. 207136^1; injection of water sprays into 
catalyst zones, B.P. 249973; admixture with 
the air of an inert material such as carbon 
tetrachloride, B.P. 355192. I 


Quito recently the problem of heat removal has 
been overcome by the use of “ fluid catalysts ” 
of a type similar to those developed in the oil¬ 
cracking industry. Vanadium pentoxide cata¬ 
lyst is used as a fine powder and is carried 
through from the reaction zone into a cooling 
zone, separated from the gaseous reaction pro¬ 
ducts and reintroduced into the reaction zone; 
a plant working on these lines is described by 
J. A. Lee (Chem. Met. Eng. 1945, 52, No. 7,100). 
Patents covering this method are B.P. 568913, 
1941, and U.S.P. 2373008, 1945, but^^ it is 
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interestuig to note that W. A. Caspar! as early 
as 1928 described in U.S.P. 1674689 the use of 
vanadium pentoxide in a finely divided con¬ 
dition and suspended in the gaseous reactants 
for the preparation of phthalic anhydride. 

Methods of recovery of solid phthalic an¬ 
hydride from the gaseous reaction mixtures are 
summarised as follows : Use of various types of 
surface condensers, U.S.P. 2219916; 2219333; 
2247910; 2067019; 2004686; 2112024; 2076033. 
Scrubbing with an inert water-immiscible sol¬ 
vent, B.P. 415748. Scrubbing with aqueous 
liquor, U.S.P. 2071329; 2190001; 2071367; 
2128323. Dilution with a cool inert gas, U.S.P. 
2664468. 

Many methods of purification have been sug¬ 
gested including crystallisation from carbon 
tetrachloride or from toluene or without a sol¬ 
vent (U.S.P. 1301388; P.P. 648163; U.S.P. 
2046368); passing the phthalic anhydride while 
still in the vapour state over such materials as 
alumina, pumice, silica gel, active charcoal 
(U.S.P. 1693915; 1852782; 1953937; B.P. 

272557) or through molten phthahc anhydride 
containing sulphuric acid, or aluminium chloride 
(G.P. 612230). A very common method of 
purification would seem to be the heating of 
crude anhydride at various temperatures up to 
its boiling-point with or without added sub¬ 
stances, followed by distillation or subUmation. 
Thus such heating with sulphuric acid is 
described in U.S.P. 2105911; with sulphuric 
acid followed by removal of excess acid with 
wood charcoal or alkali in U.S.P. 2118918 and 
2309167 respectively; with sodium bisulphato 
in U.S.P. 1897110; with nitric acid in U.S.P. 
2349518; with trio xy mo thy lone in U.S.P. 
1755242; with lactic or other hydroxy acids in 
B.P. 361443 ; with a mixture of sodium chloride 
and heavy metal oxides in Russ. P. 33147 ; with 
manganese dioxide and chlorine in U.S.P. 
1702871; B.P. 285017 ; with stannous chloride 
in U.S.P. 2356449; w'ith zinc chloride or sodium 
hydroxide in U.S.P. 1728225; and with finely 
divided iron or nickel plus a httle hydrogen in 
U.S.P. 2091289. 

All these methods of refining are carried out 
on the anhydride itself but in U.S.P. 1930054 an 
aqueous solution of the free acid is extracted 
with solvents and the purified acid recovered 
from the aqueous layer, whereas in U.S.P. 
1943892 the acid is ptirified via an alkali metal 
salt by treatment with a hypohalito or a per¬ 
oxide. Methods for separating phthalic an¬ 
hydride from small amounts of naphthalene and 
benzoic acid are described in U.S.P. 1685624; 
1694124; 1686913; 1892396; 1822016. 

In almost every case any of the above methods 
of purification is preceded or followed by sub¬ 
limation or distillation with or without frac¬ 
tionation. Patents covering sublimation are 
B.P. 174013; Canad. P. 202625; U.S.P. 
1445870; 1484260. The size and shape of 

Bubhmed crystals are discussed by 0. Dony 
(BuU, Acad. roy. Belg. 1932, 18, 1138). Vacuum 
distillation methods are described in B.P. 
324840; U.S.P. 1910836; 1972X67; 1993886; 
a fractional condensation method is described 
in B.P. 173789. 


Growth of Production and Uses of 
Phthalic Anhydride. 

The published figures for the yearly production 
of phthalic anhydride in the U.S.A. tell a remark¬ 
able story of the expansion in production from 
the discovery of the vapour-phase oxidation pro¬ 
cess in 1917 until the end of the Second World 
War. 


Year. 

Prodiietioii of 
phthalic anhyd¬ 
ride in tons. 

Price per lb, in $. 

1918 . . . 

<450 

ca. 4-0 

1929 . . . 

4,100 

0-15 

1936 . . . 

13,950 

012 

1942 . . . 

42,320 

i 014 

1943 . . . 

50,950 

1 014 

1944 . . . 

54,800 

013 


Investigations in Germany have shown that 
the production there in 1942 was 12,250 tons, 
whereas it is thought that the present production 
in Great Britain is less than this figure. 

The need for phthalic anhydride in the First 
World War was principally for dyestuffs. 
Synthetic indigo was made in the past from 
anthranihe aciid which itself was made from 
phthalic anhydride, but this use was displaced 
when the phenylglycine route to indigo was dis¬ 
covered. Phillips (J. Ind. Eng. Chem. 1921, 13, 
247; cf. ibid., p. 363) lists several hundred dye¬ 
stuffs and intermediates arising from phthalic 
anhydride, including the important xanthono 
class of dyes, quinoline yellow, anthraquinone, 
phthalcins, etc. Many of these compounds and 
dyes are still made from the anhydride but by 
far the largest part of the production in recent 
years has gone to the manufactures of esters of 
phthalic acid and alkyd resins ; thus, S. A. Phillips 
(Amer. Paint J. 1945, 29, No. 27, 60, 64, 66, 68) 
divides the American use of phthalic anhydride as 
follows: 60%, esters; 31%, resins; 6%, dyes 
and intermediates ; 2%, food and drugs ; 1%, 
miscellaneous uses. Apart from the use of esters 
of phthalic acid as plasticisers for many types of 
plastic, two further large uses developed during 
the recent war; first, dimethyl phthalate be¬ 
came widely used as a mosquito repellent, and 
secondly, dibutyl phthalate became important 
as a plasticiser for smokeless powder. 

Since about 1930 phthalic anhydride has also 
become an important starting material for 
benzoic acid, which is now made on a large scale 
by the partial decarboxylation of the anhydride 
either in the liquid or vapour phase {see U.S.P. 
1885834; 1929624; 1939212; 1889945;1965050; 
2088929; 2013973; 1988876; 1962175; 1693916; 
B.P. 341902; F.P. 680793). 

Reactions of Phthalic Anhydeihb. 

Phthalic anhydride enters very readily into 
many condensations and other reactions, some 
of which have become industrially, important. 

(1) Phthalic anhydride undergoes with facility 
a Friedel and Crafts reaction with benzene and 
other aromatic compounds to give o-benzoyl- 
benzoio acid and other simffar substances 
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(Friodel and Crafts, Ann. Chim. Phys. 1868, 
[iv], 14, 416; G.P. 193961; Graebe and UU- 
mann, Annalen, 1896, 291, 9) {v. Vol. I, 4{)ld). 



When ibis keto-acid is heated with sulphuric 
acid, cyclisation occurs with the production of 
anthraquinone. This process has been used in¬ 
dustrially in France and the U.S.A., where it is 
(iompetitive with the alternative production of 
anthraquinone from anthracene. Very many 
substituted anthraquinones can be prepared by 
using aromatic compounds other than benzene. 
Thus quinizjirin is manufactured by the con¬ 
densation of phthalic anhydride with p-chloro- 
phenol or hydroquinone, using concentrated sul¬ 
phuric acid and boric acid at 200°o. 



In this case the two stages of the reaction pro¬ 
ceed together and also if p-chlorophenol is used 
the chlorine atom is replaced by a hydroxyl 
group. This reaction therefore provides a con¬ 
venient route to many anthraquinone dyestuffs, 
and a very complete account of it will be found 
in Chapter IX of C. A. Thomas, “ Anhydrous 
Aluminium Chloride in Organic Chemistry,” 
Keinhold, Xew York, 1941, 

(2) The reaction of phthalic anhydride with 


CO 


CO 



c—o 
I to 


phenols in the presence of dchydratmg agents 
such as sulphuric acid, zinc chloride, etc., to 
yield a class of colouring matter known as the 
phthaleins, was discovered by Baeyor in 1872 
and has become industrially important both for 
the manufacture of dyestuffs, such as fluorescein 
from resorcinol, and for the production of the 
simplest member of the class, viz. phenolphtha- 
lein. 

(3) Condensation products of phthalic an¬ 
hydride and glycerol and other polyalcohols 
have become very ftnportant as alkyd or glyptal 
resins, which to-day consume more phthalic 
anhydride than any other product except per¬ 
haps phthalic esters. 

(4) Grignard reagents can give rise to dialkyl- 
and diaryl-phthalides 


CO 



(Bauer, Ber. 1904, 37, 735; 1905, 38, 240), or 
monoaryIhydroxyphthalides, which with water 
yield keto acids: 


CO 




y-COPh 


^COOMgBr 


/\/COPh 


^COOH 


(Pickles and Weizmann, Proc. Chem. Soc. 1904, 
20, 201; Weizmann, Bergmann, and Berg- 
mann, J.C.S. 1935, 1367). The latter is claimed 
as a less ambiguous route to substituted benzoyl- 
benzoic acids (and hence anthraquinones) than 
the Friedel and Crafts reaction. Phthalic an¬ 
hydride also reacts readily with cadmium alkyls 
made from cadmium chloride and a Grignard 
reagent to give an addition compound, which 
with 10% sulphuric acid gives acylbenzoio acids: 



0 COOH 
COCH 3 


Vol. IX.—39 


(De Benneville, J. Org. Chem. 1941, 6, 462). 

(6) With a-picohne, lutidines, or quinaldlne. 
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phthalic anhydride undergoes the “ phthalone 
reaction,” e.gr., 


CO 



(During, Bor. 1905, 38, 161; Eibncr, ibid. 1904, 
37, 3606 ; Scholzc, ibid, 1906, 38, 2800; Danger, 
ibid., p. 3704). 

(6) With amines and amino acids i)hthalic 
anhydride gives substituted phthalamic acids or 
jdithalimides; thus with glycine it yields 
j)hthalyl glycine 


CO 



or substituted phthalamides (Tingle et al., J. 
Amer. Chem. Soc. 1910, 32, 113, 1319; Vanags 
and Vein berg, Bcr. 1942, 75 [B], 1658). The 
reaction of hydrazine has been the subject of 
long controversy ; Drew and Hatt (J.C.S. 1937, 
16) give a good review of the literature and show 
that in acetic acid the reaction with equimole- 
cular quantities of reactants gives (I) and (II) 
probably via the half-hydrazide (IH) J (H) 



IV. 


formed 60% of the mixture, whilst prolonged 
action gave only (I). Excess phthalic an¬ 
hydride gives a mixture of (J) and N-phthal- 
imidophthalimide (IV). 


Esters and Halides. 

Acid esters of very many alcohols have been 
prepared and are widely used in the laboratory 
for characterising and purifying alcohols. 
Goggans and Copenhavor (J. Amer. Chem. Soc. 
1939, 61, 2909) describe the preparation of alkyl 
acid phtlialates from normal alcohols containing 
from 1 to 20 carbon atoms. Melting-points of 
all the derivatives are given for the lower 
alcohols up to butyl. The esters are prepared 
merely by refluxing a mixture of phthalic an¬ 
hydride and the alcohol. The half esters of 
some secondary alcohols are prepared by Levene 
and Mikeska (J. Biol. Chem. 1927, 75, 694) by 
heating a mixture of the anhydride, alcohol, and 
pyridine. Tertiary alcohols do not easily form 
esters but Fessler and Shriner (J. Amer. Chem. 
Soc. 1936, 58, 1384) describe their preparation 
by reaction in dioxan solution at 60-55°o. of 
the Grignard reagent from the tertiary alcohol 
with phthalic anhydride. 

Acid estei-s of secjondary alcohols have been 
used extensively for resolving racemic alcohols 
{e.g., the work of Kenyon, J.C.S. 1907, 91, 2068 ; 
1911,99,68; 1913,103,1937; 1926, 2062, etc.). 
Purification of alcohols via these half esters is 
exemplifled in the case of i>obutanol (Hiickel 
and Ackermann, J. pr. Chem. 1933, [ii], 136, 16). 
Some industrial uses of these half esters and 
their derivatives have been suggested. Thus, 
metallic salts are claimed as paint dryers (U.S.P. 
1742506; 2087999; F.P. 838476); also, some 
metallic salts are described as rosin-like sub¬ 
stances, insoluble in water, soluble in organic 
solvents, and useful for dissolving nitrocellulose 
(U.S.P. 1779654; 1779688). The acid esters 
made from higher fatty alcohols are claimed 
as softeners for leather. Sodium, potassium 
or lithium salts of higher alkyl acid phthalates 
are described as detergents for use in lubri¬ 
cating oils, whereas vanadyl oleyl phthalato 
is claimed as an oxidation inhibitor for lubri¬ 
cating oils. 

Neutral esters of very many alcohols have been 
prepared, and several are produced on a large 
scale to constitute one of the chief uses of 
phthalic anhydride. Published figures for Ameri¬ 
can production of the important esters and the 
total quantities are as follows: 



Production in lbs. 

1936. 

1944. 

Dimethyl phthalate 

_ 

42,837.000 

Diethyl „ 

700,686 

3,478,000 

Dibutyl „ 

5,644,166 

47,810,000 

Total . . . 

10,273,647 

116,810,000 


British figures are not available but it is cer¬ 
tain that a considerable increase in production 
has occurred since 1936. This remarkable in¬ 
crease in production as shown by the American 
figures is due to the extensive use of phthalates 
08 plasticisers for polymers, themselves under¬ 
going great expansion, to the use of dibutyl 
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phtlialate as a plasticiser for smokeless gun- 
[lowder and to the discovery and use of dimethyl 
phthalate as an insect repcllant. The phthalates 
[)rovjjde the most widely adaptable group of 
esters for use as plasticisers. Dibutyl phthalate 
is the most widely used plasticiser for cellulose 
nitrate lacquers and is used also in many other 
resins such as cellulose acetate, ethyl cellulose, 
polyvinyl acetate and chloride, acrylates, metha¬ 
crylates, rubber hydrochloride, etc. Diethyl 
and dimethyl phthalates are probably the most 
used after dibutyl phthalate and are often em¬ 
ployed mixed together for cellulose acetate and 
cellulose acetate-butyrate compositions. Di¬ 
methyl phthalate is also used to some extent for 
plasticisation in much the same way as the 
dibutyl ester. During the war dioctyl phthalates 
(especially that from 2-ethylhexanol) have 
become useful as plasticisers, especially for 
polyvinyl chloride and other compositions which 
are reepnred to keep their properties at low tem¬ 
peratures. Other eaters such as the glycollates 
{e.g.y methyl phthalyl ethyl glycollate) and those 
made from glycols and glycol ethers are also 
used to some extent. Diethyl phthalate is also 
used extensively as a denaturant for alcohol. A 
list of some of the most important phthalates 
together with their physical properties is given 
in Table V. For vapour pressure curves of 
several phthalates, sea Hickman, J. Franldin 
Inst. 1936, 221, 383). 

The alkyl phthalates are prepared by con¬ 
ventional routes, sulphuric acid being favoured 
as a catalyst. The removal of water formed 
during the esteritication is canied out in several 
ways. G.P. C10135, describes the use of toluene 
to remove the water in an azeotro 2 >ic mixture; 
U.S.r. 1732392 claims a similar method under 
pressure. In U.S.P. 1804893 the mixture is 
distilled under reduced pressure to remove the 
water together with some alcohol. U.S.P. 
2169012 describes the gradual addition of alcohol 
to a mixture of phthalic anhydride and catalyst 
w^ell above the boiling-j)oint of water. Ustinov 
(Org. Chem. Ind. Puss. 1937, 3, 291) passes the 
distillate from tlie reaction mixture through a 
layer of salt to remove water and returns the 
dry alcohol to the still. Gordon and Aronowitz 
(Ind. Eng. Chem. 1945, 87, 780) obtain a good 
yield of dioctyl phthalate by refluxing the re¬ 
action mixture below a column containing the 
desiccant “ fiuorite.'' Several methods of purifi¬ 
cation of the esters have been patented and in¬ 
clude decolorisation by aeration, absorption or 
chemical bleaching followed by distillation 
(U.S.P. 2b30014), treatment with aqueous per¬ 
manganate (U.S.P. 1906974), exposure to ultra¬ 
violet light (U.S.P. 1948281), refluxing with 
sodium perborate under reduced pressure 
followed by distillation (U.S.P. 2197546), and 
continuous flash distillation (U.S.P. 2324088). 

The dialkyl phthalates are colourless liquids 
when molten, and are stable to heat and boiling 
water. They are reduced by nickel catalysts, 
under pressure and at 200®c., to dialkyl hexa- 
hydrophthalates (B.P. 286201; Adkins et oZ., 
^J. Amer. Chem. Soc. 1933, 55, 1669), but copper 
chromite catalyst at 260®o. gives mainly 
o-xylene. 

Kyrides (U.S.P. 1939216; J. Amer.* Chem. 


Soc. 1933, 55, 4630) has suggested the use of the 
reaction between alkyl phthalates and asym¬ 
metric phthalyl chloride in the presence of 0-2% 
zinc chloride at 130°a. for the production of alkyl 
chlorides. 


COOR 

COOR 


{See Amitin and Hirshberg, Amcr. Chem. Abstr. 
1937, 31, 6010, for somo exceptions.) 

King and Wright (J.C.S. 1939, 1168) utilise 
alkyl phthalates to produce phenyl and guaiacol 
ethers by direct reaction with the potassium salts 
of phenol and guaiacjol, respectively at 190- 
200^^0. For the use of dimethyl phthalate as an 
insect repcllant, see Phillip, Paul, and Sabin 
(War Medicine, 1944, 6, 27), and Lancet, 1944, 
664; 1946, 571 ; v, this Vol., p. 3l2c. This now 
represents a very large usage of this ester. 

Diethyl phthalate is covered by the British 
Standard 574/1934. Dibutyl phthalate is covered 
by British Standard 573/1934 and by the 
A.S.T.M. Designation D.G08—43. Its vapour 
pressure has been measured by Hi(;kman et al. 
(Ind. Eng. Chem. [Anal.J, 1937, 9, 264) who 
deduced 21,400 g. cal. per mol. as the heat 
of vaporisation between 50-100°o. Ambler 
(J.S.C.I. 1936, 55, 29 It) records the heat of 
combustion and formation. The preparation 
of di-aec.-butyl phthalate is described along con¬ 
ventional lines in U.S.P. 1848156, but a good 
yield is also claimed by the addition of 2-buteno 
to phthalic acid at 97®c. in the presence of boron 
triliuorido (Amer. Chem. Abstr. 1939, 83, 6806). 
Many other alkyl phthalates are described in the 
patent literature and include butyl hexyl phtha¬ 
late (U.S.P. 2384537); di-2-butyloctyl phthalate 
(U.S.P. 2014310); di-2-ethylbutyl phthalate 
(U.S.P. 1972579); di-sec.-hexyl, -heptyl, and 
-octyl phthalates (U.S.P. 1949093); higher alkyl 
phthalates (U.S.P. 2015077 ; 2016088; 2166934). 

Esters from cyclic alcohols include di-cyclo- 
pentyl phthalate (U.S.P. 2237729); cyclohexyl 
alkyl phthalates (U.S.P. 1543393; 1689761 and 
2); di-hexahydrobenzyl phthalate (U.S.P. 
2047663); bornyl and fenchyl phthalates (U.S.P. 
2011707). The preparation of alkyl phthalyl 
alkyl glycollates of general formula 

COOCHgCOOR 
COOR' 

is described in U.S.P. 2073937 and 2120766. 
Phthalates made from glycols and glycol ethers 
are described in U.S.P. 1706639; 1786404; 

1946202; 2013318; 2386443; B.P. 410797; 
564196. Aryl and alkyl aryl phthalates are 
described in U.S.P. 1700960; 1899919; h089699; 
1939217; 1984283 and 4; 2079487; 2378763. 






Table V. —Esters of Phthalic Acid. 
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Phthalates made from aliphatic nitro alcohols 
are described in U.S.P. 2161552; 2274568. 

Diallyl phthalate has found some special uses, 
espeflally in the production of polymerising 
thermo-setting resins (U.S.P. 2377095 and 
2311327), as a plasticiser and softener in syn¬ 
thetic rubber mixes (U.S.P. 2380184), and as a 
plasticiser and modifier in the polymerisation of 
styrene (U.S.P. 2159008). 

Phihalyl Chloride exints in two isomeric forms. 


Both chlorides are reduced by zinc and acetic 
acid to phthalide; both, with benzene and 
aluminium chloride, give diphenylphthahde; 
and both, with ammonia, give 2-cyanobenzoic 
acid. Excess phosphorus pentachloride on the 
phthalyl (ihlorides gives, respectively, 


/CCI3 


and 



CO 


Ncoci 

\ 


1 1 0 

^COCI 

/ 


CCI 2 

I. 

11. 


The symmetrical chloride (I) is formed by the 
action of phosphorus pentachloride on phthalic* 
anhydride (Auger, Ann. ('him. Phys. 1891, [vi), 
22, 295; Ott, Org. Syntheses, (Joll. Vol. 11, 
p. 528) or by thionyl chloride in the presence of 
zinc chloride (Kyridcs, J. Amor. (Jhem. Soc. 
1937, 59, 2(16). 3’he first reagent gives a yield of 
about 92% and the latter a yield of approxi¬ 
mately 1()0% with a conversion of 86%. The 
structiirc of this chloride is based upon physical 
measurements and its ultra-violet light absorp¬ 
tion (Scheiber, Bor, 1912, 45, 2352), It melts at 
15-16'^c, and iboils at 276’7%\ (Ott, Annalen, 
1912, 392, 245), It is an excellent reagent for 
making acid chlorides (Kyrides, l.c.). 

The symmetrical chloride is converted by 
aluminium chloride to (II), m,p, 88-89°, b.p, 
275-2°/719 8 mm, (Ott, ibid. 1912, 392, 274; 
Ber, 1922, 55, 217), The equilibrium between 
these two isomers has been studied by Csanyi 
(Monatsh, 1919, 40, 81), As well as the differ- 


/^COCI 


phthalate. 


C(OMe)2 



CO 


ra,p. 63°c,, which on heating gives the normal 
methyl phthalate (Kirpal, Galuschka, and 
Lassak, Ber. 1936, 68 [B], 1330). Different pro¬ 
ducts result also with salts of dithiocarbarnic 
acids. 


COSSCNRa 



CO 



ecu 


(Ott, Ber. 1922, 55, 2108). 

Phthalyl Broinide .—The preparation and 
tautomerism are described by Davies, Hambly, 
and Sommens (J.O.S. 1933, 1309). It is made 
cither by “the reaction of phosphorus tri- and 
penta-bromides on phthalic anhydride in sealed 
tubes, or by reaction between phthalyl chloride 
and dry hydrogen bromide. It melts at 78™81°c. 
with rapid heating, but never sharply. It is 
suggested that the crystals are of the cydic 
form, passing over to the symmetrical structure 
when kept for a few minutes in the molten 
state; the reverse change takes place spon- 
taruiously on cooling. 

Phthalyl Fluoridc exists only irj the symmetrical 
form and can bo made by heating the sym¬ 
metrical jdithalyl chloride with sodium fluoride ; 
it is lachrymatory, loss readily hydrolysed than 
the chloride, and melts at 42-43°c. 

Nuclear Halogen Derivatives. 

Most of the possibh^ halogenated phthalic acids 
and anhydrides arc known and a list is given in 
the accompanying table: 


Substituents. 

M.p. of 
acid, ”c. 

M.p. of 
anhydride. 

3-CI. 

184 

124 

3-Br. 

178-5 

131-5 

3-1. 

206 

153 

4-CI. 

151 

97 

4-Br. 

169 

107 

4-1. 

182 

123 

3:4-CU .... 

195 

120-121 

3:4-Br2 .... 

194-195 

152-163 

3:4-U .... 

212-213 

198-198-5 

3:6-Clj .... 

164 

89 

3:5-Br, .... 

198 

121-5 

3:6-Cl2 .... 

* 

191 

3:6-Br^ .... 

135 

207-5-208 

3:6-1, .... 

— 

234-5-235-5 

4:5-01, .... 

200 

185-187 

4:5-Br, .... 

206 

208 

4:5-1, .... 

221-222 

216-5-217 

4-CI-6-Br . . . 

205 

185 

3:4:5-Cl3 .... 


157 

3:4:6-Cl3 .... 

* 

148 

3:4:5 or e-Br, . . 

190-191 

157 

4-Br.3:5-CI, . . 

169-170 

170-171 

Cl, . . ^ . 

♦ 

256-257 

Br,. 

258-9 

266 

I4. 

325 

324-327 


Decomposition to anhydride before melting. 
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The mono-halogen derivatives are prepared by 
the following methods: 

(1) Direct Action of the Halogen on a Solution 
of Phthalic Acidy Usually Alkaline, —It is only 
possible to produce the 4-halogeno-phthalic 
acids in this way. Thus chlorine passed into an 
alkaline solution of phthalic acid gives 4-chloro- 
phthalic acid (Moore, Marrack, and Proud, 
J.C.S. 1921,119, 1178; Ayling, ibid. 1929, 253); 
a neutral solution of disodium phthalate is used 
in U.S.P. 2389088. Bromine and sodium hypo- 
bromite give with sodium phthalate a good yield 
of 4-broraophthalic acid (Waldmann, J. pr. 
Chem. 1930, [ii], 126, 05; see also U.S.P. 
2211465; 2394208). Iodine in the presence of 
nitric acid yields the 4-iodo-acid (Datta and 
Chatterjee, J. Amer. Chem. Soc. 1919, 41, 292). 

(2) Replacement of a Nitro Grou}! by Chlorine. 
—This has been done using chlorine or bromine 
gas at about 240®c. to giv^o 3- or 4-chloro-, 
trichloro-, or bromo-phthalic anhydride (B.P. 
357165) or by using phosphorus pentachloride at 
190-200°o. (Smith, J.C.S. 1933, 1643). This 
reaction is apparently general. 

(3) Oxidation of the appropriately snhsiiluted 
o-xylene {e.g., 3-l)romo- and 3-chloro-])hthalic 
acids from 3-bromo- and 3-chloro-o-xylenes, 
(Guareschi, Ber. 1886, 19, 135). 

(4) By use of the Sandmeyer reaction on the 
appropriate amino-phthalic acid, —This method 
is quite general and has been much used; see 
Bndingor (J. pr. Chem. 1896, [ii], 53, 386), 
Stephens (J. Amer. Chem. Soc. 1921, 43, 1950), 
Baker (J.C.S. 1928, 2829), and Blicko and 
Smith (J. Amer. Chem. Soc. 1929, 51, 1805). 

The di-halogeno-derivativea have been largely 
prepared by oxidation of the appropriately sub¬ 
stituted xylenes, but Williger (Ber. 1909, 42, 
3530) showed that phthalic anhydride in fuming 
sulphuric acid could be chlorinated to give a 
mixture of di-chlorophthalic acids containing 
mostly the 3:6-derivative, a small quantity of 
the 3:4-, and very little of the 4:5-dcrivative. 
Separation was possible through the zinc salts 
(c/. G.P. 50177). A separation is also feasible by 
taking advantage of the different rates of an¬ 
hydride formation of the various dichlorophthalic 
acids (B.P. 396735). Direct chlorination of 
molten phthalic anhydride containing a little 
ferric salt can be made to produce a mixture of 
dicldorophthalic anhydrides if the chlorination 
is stopped when the required increase in weight 
has taken place (U.S.P. 2028383). Phthalic an¬ 
hydride can also be chlorinated to the dichloro- 
derivatives by using 2 mol. of ferric chloride per 
molecule of anhydride at 300®c. (B.P. 572160). 

The tetrahalogen derivatives are formed by the 
action of the halogen at high temperatures in 
fuming sulphuric acid with or without antimony 
chloride (Gnehm, Annalon, 1887, 238, 320; 
Rupps, Ber. 1896, 29, 1630; Pratt and Perkins, 
J. Amer. Chem. Soc. 1918, 40 , 203; G.P. 
32564; 50177). A more convenient method of 
production is to cblorinato molten phthalic an- 
liydride with gaseous chlorine in the presence of 
a little.ferric salt at a temperature rising from 
160° to 260°o. until the required increase in 
weight takes place (U.S.P. 2028383). Chlorina¬ 
tion beyond this required increase in weight 
gives rise to the formation of hexachlorobenzene 


(Dvomilcoff, Sheets, and Zienty, J. Amer. 
Chem. Soc. 1946, 68, 142). 

Esters of chlorophthalic acids containing two 
to four chlorine atoms and made from alcohols 
containing less than six carbon atoms have been 
suggested as plasticisers for polystyrene, cellu¬ 
lose esters, and other polymers (B.P. 576136). 
Both the dichloro- and the tetrachloi'o- phthalic 
anhydrides are available commercially in the 
U.S.A., and find use as intermediates for dye¬ 
stuffs and allcyd resins of special properties. 

Nitrophthalic Acids. 

Both phthalic acid and phthalic anhydride can 
bo nitrated with fuming nitric and sulphuric 
acids to give a mixture of 3-nitro- and 4-nitro- 
phthalic anhydride (Miller, Annalcn, 1881, 208, 
223; Bogert and jWoschek, J. Amer. Chem. 
Soc. 1901, 23, 743; Kenner and Mathews, 
J.C.S. 1914, 105, 2476; Lawranco, J. Amer. 
Chem. Soc. 1920, 42, 1872; Hayashi and 
Kawasaki, J. Soc. Chem. Ind. Japan, 1933, 36, 
Suppl. binding, 121). Detailed laboratory in¬ 
structions arc given in Organic Syntheses, Coll. 
Vol. 1, 2nd ed., p. 408. Approximately equal 
quantities of both the 3- and 4-nitroanhydride 
are formed and are separated by converting to 
the acicis, washing well with water to dissolve 
most of the 4-nitrophthalie acid and crystal¬ 
lising the 3-nitrophthalic acid from water. Some 
variations in this method have been proposed by 
Bittmann, who also claims glacial acetic acid as 
a better solvent than water for crystallisation 
(J. Amer. Chem. Soc. 1925, 47, 1980; U.S.P. 
1549885). The acids are easily and quanti¬ 
tatively converted to the respective anhydrides 
cither by heating alone or by refiuxing with 
excess acetic acid at 100°c. With concentrated 
nitric acid and boron trifluorido, phthalic an¬ 
hydride gives a yield of 81% of the 3-nitro¬ 
phthalic acid (Thomas, Anzilotti, and Hennion, 
Ind. Eng. Chem. 1940, 32, 408). 

3-Nitrophthalic anhydride has been used for 
the characterisation of alcohols and morcaptans 
(Nioolet and Sacks, J. Amor. Chem. Soc. 1925, 
47, 2348; Wortheim, ibid. 1929, 51, 3661). 

Melting-points of the nitrophthalic acids and 
anhydrides are as follows ; 3-n}tro-acid, 218°o.; 

3- nitro-anhydride, 164°o.; 4-nitro-acid, 165°c,; 

4- nitro-anhydride, 119°o. 

Sulphophthalic Acids. 

A’Sulphophthalic anhydride can he prepared by 
heating phthalic acid or anhydride with four 
times its weight of fuming sulphuric acid at 
215°c. (Senderons and Aboulenc, Compt, rend. 
1928,186,1497), by passing sulphur trioxide into 
phthalic anhydride for 66 hours at 190-210°c. 
(Waldmann and Schwenk, Annalen, 1931, 487, 
287), or by the action of sulphur irioxide on 
phthalic anhydride under pressure (G.P. 672962; 
578724). 4-Sulphophthalic acid crystallises from 
water with 1 mol. of water of crystallisatioh, has 
m.p. 138-140°o., and yields 4-hydroxyphthalic 
acid when fused with sodium hydroxide at 220°o. 
^:5’Di3ulphophthaUc acid is obtained by the 
action of oleum on phthalic anhydride (B.P. 
18221) or on 3-sulphophthalic acid (Lauer, J. pr. 
Chem. 1933, [ii], *188, 81). The presence of 
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mercury inc^^eases the production of disulphonic 
acid formed under most conditions of sulphona- 
tion. 


Imide, Amides, and Nitrile. 

PhtJmlimide, 



is best prepared in the laboratory in 95-97% 
yield by heating i^hthalic anhydride with excess 
concentrated ammonia solution or ammonium 
carbonate to a temperature of about 300®c. The 
product is nearly pure, m.p. 232-235° (Organic 
Syntheses, Coll. Vol. I, 2nd ed., p. 457). The 
same method is used industrially with or without 
pressure. Continuous production has been sug¬ 
gested, by the catalytic vapour-phase oxidation 
of 1-nitronaphthalcne (B.P. 183044) or of naph- 
Uialene in the iJrescnce of ammonia (U.S.P. 
1450678 ; for purification see U.S.P. 1914723). 

Phthalimide forms needles from water, prisms 
from acetic acid, and leaflets by sublimation. 
It melts at 233-235°c., is soluble in hot acetic 
acid, insoluble in bemzene and light petroleum. 

Phthalimide is acidic in nature (A-5xl0~®) 
and forms a potassium salt with potassium 
hydroxide. The reaction of this potassium salt 
with alhyl chloridtis, aryl chlorides, and other 
chloro compounds allows the preparation of 
many N-substituted phthalimides (5ee, inter 
alia, Sorensen, Z. physiol. Chom. 1905, 44, 448; 
Organic Syntheses, Coll. Vol. II, p, 83). 

Use is made of this acidic nature of phthali- 
mido in the Gabriel synthesis of primary amines, 
in which the N -alkyl phthalimides are hydrolysed 
by boiling aqueous potassium hydroxide to 
alkylamine and potassium phthalate. 


CO CO 



KOH 


0 COOK 
COOK 


RNHg 


The method can bo used for the preparation 
of amino acids, giving good yields of high-purity 
material; thus using chloroacetic acid, glycine 
can be prepared. In place of potassium 
hydroxide for the hydrolysis, hydrazine hydrate 
can be advantageously used in many cases (Ing 
and Mansko, J.C.8. 1926, 2349) and this method 
has found especial use in synthesis of anti- 
malarial substances (Robinson et cU., ibid. 1934, 
1524; 1943, 565; Barber and Wragg, Nature, 
1946, 158 , 614). 

With cold aqueous sodium hydroxide, phthali- 
mide yields the sodium salt of phthaJaimc acid 
find subsequent acidification liberates tho free 


phthalamic acid. Anthranilic acid is formed in 
good yield by the action of sodium hypochlorito 
on phthalimide in alkaline solution at 80°c.; the 
phthalamic acid first formed undergoes the Hof¬ 
mann reaction 



This reaction is the first stage in the Heuraann 
synthesis of indigo. 

Phthalamic Acid, 


0 COOH 
CONH., 


is prepared in 94% yield by adding phthalic 
anhydride to warm ammonium hydroxide, 
cooling to give crystalline ammonium phthala- 
mate and acidification of this salt with dilute 
hydrochloric acid. Phthalamic acid melts at 
149° with loss of water to give phthahmide. It 
is moderately soluble in hot water. 

Phthalamide, 


0 CONH2 
CONH2 

can be prepared by the reacti(ui of phthalimide 
in the cold with concentrated ammonia solution. 
It melts with slow heating at 212-220° to give 
ammonia and phthalimide. It is sparingly 
soluble in water and in alcohol. 

Phthalonitrile, 



formerly prepared by the use of the Sandmeyer 
reaction, is now made on both laboratory and 
industrial scale by the dehydration of phthala¬ 
mide with phosphorus tri- or oxy-chloride, or 
toluenesulphonyl chloride (Swiss P. 202646; 
U.S.P. 2387435) or with phosgene in the presence 
of a tertiary base such as pyridine (B.P. 441399), 
or at 485-490° in the presence of ammonia (B.P. 
413639). Reaction of phthalic anhydride and 
ammonia over a suitable catalyst (aluminium 
phosphate, magnesium silicate, etc.) at high 
temperatures for a short time provides another 
process for manufacture (F.P. 847296; U.S.P. 
2149280; 2232836). 

Phthalonitrile forms odourless needles, m.p. 
140°, is volatile in steam and can be distilled. 
It is the raw material for manufacture of thp 
phthalocyanines. 
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Aldehydes. 

Phihalaldehyde, 

0 CHO 
CHO 

is prepared by refluxing cu-tetrabromo-o-xyleno 
witli potassium oxalate in aqueous alcohol 
(Thiele and Gunther, Annalen, 1606, 347, 107). 
It may also bo prepared, together with iso- 
phthalaldehyde, by the action of chloroform and 
potfissium hydroxide on benzaldohyde, followed 
by hydrolysis of the intermediate products 
formed (Chaudhuri, J. Ainer. Chem. Soc. 1942, 
64, 315). The aldehyde, yellow needles, m.p. 
56-57°, is soluble in water and in most organic 
solvents except light petroleum. It is volatile 
in steam and yields a hisphcnylhydrazoney m.p. 
190-191°. 

Phthalaldehydic Acid, 



may bo prepared from naphthalene by oxida¬ 
tion with alkaline permanganate; yield, 38% 
(Organic Syntheses, Coll. Vol. II, 1943, p. 523). 
Alteniatively, it may bo prepared in 65-68% 
yield by the bromination of phthalide, followed 
by the hydrolysis of the 2-bromophthalide thus 
formed (Organic Syntheses, 1943, 23, 74). The 
acid crystallises from w^atcr as leaflets, m.p. 
98-99°, it is soluble in alcohol and in ether. It 
reduces ammoniacal silver nitrate solution and 
on heating to 240-250° it is converted to diphtha- 
lidyl ether. Semicarbazoney m.p. 202°; phenyl- 
hydrazone^ m.p. 100°c. 


isoPHTHALlC ACID, 



woPhthalic acid can be prepared by oxidation 
of w-xylene with potassium permanganate or 
with chromic acid, but better yields are obtained 
if the m-xylene is first converted into the di¬ 
bromide by bromination at 125°c,; this is then 
either treated with hot alcoholic potassium 
hydroxide (Kipping, Bor. 1888, 21, 46) or with 
sodium acetate (Williger, Annalen, 1893, 276, 
256) to give the diol or diacetate, which is finally 
oxidised. Ullmann and Uzbachian (Ber. 1903, 
36, 1798) describe the oxidation of m-xylene 
itself with calcium permanganate. Several 
other syntheses of the acid are known. 

Physical Properties .—Slender needles from 
water, m.p. 348-5°o. Sublimes unchanged. One 
part soluble in 7,800 parts of water at 25°c. and 
in 460 parts at 100°c. Easily soluble in alcohol. 

Chemical Properties ,—When heated, sublimes 
unchanged (differing from o-phthalic acid). 
However, on heating with acetic anhydride to 
200°c., it gives a polymeric anhydride, which is 


non-volatile, insoluble in water and decomposed 
by heat (Bucher and Slade, J. Amer. Chera. Soc. 
1909, 31, 1319). Reduction with sodium amal¬ 
gam yields a mixture of totrahydroi^?ophthalio 
acids. 

Characterisation and Determination. — Di¬ 
phenyl ester, m.p. 120°c.; p-nitrohenzyl ester, 
m.p. 202*5°c.; phenacyl ester, m.p. 191°o.; 
chloride and dimethyl ester are also character¬ 
istic. 

Hydroisophthaiic Acids.— See Perkin and 
Pickles (J.C.S. 1905, 87, 293); Perkin and 
Goodwin (ibid. 841); and Baeyer and Villigor 
(Annalen, 1893, 276, 255). 

Esters.— Dimethyl ester, m.p. 67-68°c., b.p. 
124°/12 mm. Diethyl ester, m.p. ll-5°c., b.X). 
170°/24 mm. Methyl hydrogen ester exists 
in two forms, m.p. 193°o. and 167-169°c. 
Ethyl hydrogen ester, m.p. 115-117°o. 

isoPhthalyl Chloride, m.p. 4.3-44°c., b.x^. 
276°C. is formed by the action of phosx^horus 
pentachloride or acetyl cliloridc on the acid. 

Chloro?sophthalic Acids are prexmred by 
oxidation of the suitably substituted xylenes 
or by the Sandmeyer reaction. Chlorination of 
the acid in the presence of sulphuric acifl at a 
high tcmx>erature gives much hexachloro ben zone 
and not much of the tetrachloroi^ophthalic acid. 
Melting-points of known chloro-acids are as 
follows : 4-chloro-, 294‘5°o.; 6-chloro-, 278°c.; 
4:6-dichloro-, 280°c.; tetrachloro-, 267-269°c. 
Several other halogen-substituted ^\9c»x^hthalic 
acids are knowm, melting-points being as fol¬ 
lows : 4-bromo-, 283°c.; tetrabromo-, 288- 
292°0.; 2-iodo-, 236-238°c.; 4-iodo-, 269°c.; 
5-iodo-, 288-289°c.; and tetraiodo-, 315-320°c. 

Nitro-Compounds. —Direct nitration of iso- 
phthalic acid with concentrated nitric acid at 
30°c. gives mostly 5-nitro- and a little 4-nitro- 
uophthalic acids. The 2-nitro- and 4-nitro- 
e^ophthalic acids are x^repared by oxidation of 
the corresponding nitro-m-xylenes with alkaline 
permanganate; melting-X)oints of the three nitro 
acids are as follows : 2-nitro-, 315°c.; 4-nitro-, 
258-259°o.; 5-nitro-, 248-249°o. 

SulphoMophthalic Acids. —Direct sulphon- 
tion gives chiefly fi-sulphoi^ophthalic acid (i.e., 
meta to — COOH), m.p. 243-244°c. 

isoPhthalaldehyde is prepared in good yield 
by either boiling cu-tetrabromo-m-xylono with 
potassium oxalate in aqueous alcohol (Thiefe 
and Giinthor, Annalen, 1906, 347, 109) or by 
the catalytic reduction of isophthalyl chloride 
(Rosenmund, Ber. 1921, 64 [B], 2888). The 
aldehyde forms colourless silky needles, m.p. 
89-6°c., and gives a bisphenylhydrazone, m.p. 
242-245°o. 


TEREPHTHALIC ACID, 

COOH 



Terephthalio acid is formed by the oxidation 
of most derivatives of benzene having carbon 
chains in the para position. Baeyer describes 
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oxidation v. ith alkaline permanganate of the di¬ 
acetate prepared from dibromo-p-xyleno and 
potassium acetate in absolute alcohol (Annalon, 

1888, 245, 139). Like the uo-acid, terephthalic 
acid has not been available commercially up to 
the present, but the recent discovery of “ Tery- 
lenp.y' which shows the condensation product of 
terephthalic acid and ethylene glycol to be a 
promising polymer for textile use, may fore¬ 
shadow the large-scale production of this acid. 

Physical Properties. —9 erephthalic acid sub¬ 
limes without melting at 300°c. One part is 
soluble in 67,000 parts of water and it is also 
sparingly soluble in alcohol, acetic acid, ether, 
and chloroform. 

Chemical Properties. —Like the iso-acid, tcre- 
phthalic acid yields a polymeric non-volatile an¬ 
hydride when heated with acetic anhydride at 
2i)0°c. with a solution of a copper salt. In the 
presence of i)yridine, terephthalic acid gives a 
copious wliitc precipitate, emvbling this acid to 
be detected in the presence of the other isomeric 
phtlialic acj'ds (liipan, Bull. 8oc. Stiinte (3uj, 
1927, 3, 30S). 

Characterisation and Determination. —The cal¬ 
cium, barium, and strontium salts are all fairly 
insoluble, 1 part of the barium salt being dis¬ 
solved by 355 parts w^ater at The (topper 

c'omplox mentitJiied above gives a convenient 
means of detecting down to 2 mg. Convenient 
derivatives are the diphenyl ester, in.p. 192-2'V'.; 
p-nitrohenzyl ester, m.p. 263*5^;., and also the 
dimethyl and diethyl esters. 

Hydroterephthalic Acids. —^All the ims- 
sible hydroterephtliali(* acids have been investi¬ 
gated by Baeyer (Annalon, 1888, 245, 142; 

1889, 251, 257; 1890, 258, 32; 1892, 269, 
J48). 

Esters. —The dimethyl ester forms needles or 
plates, imp. 140°c.; the diethyl ester forms long 
prisms, m.p. 43*2°c., b.p. 302° and 142°/2mm. 

Terephthalyl Chloride is formed by the 
action of phoH])horus tri- or oxy-chloride on the 
acid, and exists as needles, m.p. 77-78°c., b.j). 
259°o. This chloride with alkaline hydrogen 
peroxide gives the sodium salt of diperterc- 
phthalic acid. 

Chloroterephthalic Acids. —Because of the 
ease with which terephthalic acid is converted 
to hexachlorobenzene by direct chlorination, 
monochloro-, dichloro-, and tetrachloro-tere- 
phthalic acids are best prepared by oxidation of 
the corresponding chlorinated xylenes or from 
the aminoterephthalic acids by the Sandmeyer 
reaction. Melting-points of known chlorotere¬ 
phthalic acids are as follows: monochloro-, 
300°c:!.; 2:5-dichloro-, 306°-306*5°c.; tetra- 
chloro-, 279~281°(X Other halogen derivatives 
known are : 2-iodo-, m.p. 274-276°c.; 2-bromo-, 
m.p. 301-303°c.; 2:5-dibromo-, m.p. 316-317°c.; 
tetrabromo-, m.p. about 300°o.; and tetraiodo-, 
m.p. 316-320°c. 

Nitroterephthalic Acids.—Nitration of tero- 
phthalic acids with a mixture of nitric and sul¬ 
phuric acids gives nitroterephthalic acid, m.p. 
262-263°c., which has also been obtained by the 
oxidation of nitro-p-xylene. Treatment of this 
nitro-acid with fuming nitric and fuming sul¬ 
phuric acids at 180-190°c. yields 2:6-dinitro- 
terephthalic acid, m.p. 256°o. Oxidation of the 


appropriate dinitro-p-xylcnos has given 2:3- 
dinitrotercphthalic acid, m.p. about 290°c., and 
the 2:5-dinitroterophthalic acid, m.p. about 
280°c. 

Sulphoterephthalic Acid. —Fuming sul¬ 
phuric acid at 250-2G0°c. in a sealed tube 
gives sulphoterephthalic acid, a hygroscopic 
solid. 

Terephthalaldehyde, m.p. 116°c., b.p. 245- 
248°c., can be prepared by cither of the methods 
described under isophthalaldcbyde. 11 is soluble 
in alkalis and is rcprecipitatcd umhangod from 
the re.sulting solution. It can bo sublimed, but 
is not very volatile in steam. 

J. W. B. 

PHTHALOCYANINES. The dehydra¬ 
tion products of the diarnides of o-phthalic acids 
combine, in many cases very readily, with metals 
and salts of metals, to yield a series of highly 
coloured blue to green tetrabenztetraaza-por- 
phins which have been named tlie Phthalo- 
cyaiiines. 

• 

Pkepaeation. 

1. Tho most general method by which those 
substances may be obtained is by the interaction 
of a metal or metal salt with aromatic o- 
dinitriles (Linstcad and Lowe, J.C.S. 1934, 
1022; cf. jDicsbach and Van dcr Weid, Helv. 
Chim. Acta, 1927, 10, 886). It is usually 
sufficient to heat the reactants together, although 
the use of diluents, e.g., tertiary bases or acid 
amines, is sometimes useful. Alkaline “ pro¬ 
moters,” e.g.y sodium hydroxide, can sometimes 
be incorporated with advantage (B.P. 538957). 
For a bivalent metal, R, the reaction takes the 
following course : 

If the metal is in tlie combined stak% the ease 
of reaction appears to depend upon the facility 
with which free metal becomes available. Thus, 
cuprous chloride and phthalonitrile below 200°o. 
give copper phthalocyanine and cupric chloride, 
but cupric chloride, on the other hand, reacts 
only above 200° when nuclear chlorination occurs 
to give copper 4-monoohlorophthalocyanine. 

A somewhat analogous method for preparing 
copper phthalocyanines, which presumably leads 
to the formation of tho o-dinitriles in situ, 
depends on the interaction of aromatic acid 
mononitriles or amides containing an o-chloro or 
o-bromo substituent with cuprous cyanide 
(Barrett, Dent, and Linstcad, J.C.S. 1936, 1725). 
Improved yields are obtained by incorporating 
metallic copper in this reaction (B.P. 498831). 
Similarly, copper phthalocyanines can bo pre¬ 
pared by heating aromatic o-dichloro, or o- 
chlorobromo compounds, with cuprous cyanide 
in tho presence of organic nitrogenous bases 
(B.P. 490744, 490745). 

2. o-Cyanobenzamide combines with many 
metals in the free or combined state at tempera¬ 
ture of about 250° to yield metallic phthalo¬ 
cyanines (Byrne, Linstcad, and Lowe, J.C.S. 
1934, 1017). Whether the elimination of water 
in this case accompanies or precedes tho fixation 
of metals is not understood, although it seems 
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more likely to be the former, for whereas phthalo- 
nitrilc and metallic antimony lead to the for¬ 
mation of antimony phthalocyanine, when 
metallic antimony and o-cyanooenzamide are 
heated together the product is metal-free 
phthalocyanine. The reaction between o-cyano- 
benzarnide and magnesium proceeds particularly 
rapidly. 

4CaH4(CN)CONH2-fMg 

Mg{C8H,Nj)4+4HjO. 


Group I. 
Sodium. 
Potassium. 
Lithium. 
Copper. 
Silver. 


Group V. 
Vanadium. 
Antimony. 


Group II. 
Beryllium. 
Magnesium. 
Calcium. 

Zinc. 

Cadmium. 

Barium. 

Mercury. 

Group VI. 
Chromium. 
Molybdenum. 


Group III. 
Aluminium. 


Group VII. 
Manganese. 


Group IV. 
Tin. 
Lead. 


Group VIII. 
Iron. 
Cobalt. 
Nickel. 
Platinum. 
Palladium. 


In general, however, the reaction between o- 
cyanobenzamide and metals and metal salts 
gives a lower yield of the phthalocyanine than 
when phthalonitrile is used. 

3. ISome phthalocyanines, e.g., magnesium, 
copper, nickel, and iron phthalocyanines, are 
formed when ammonia is passed into a mixture 
of molten phthalimide and the metal. It was a 
chance observation of the formation of the iron 
compound by this reaction which led to the 
investigation of the group {see Linstead, ibid.^ 
11)34, 1010 ; B.P. 322109). By this method the 
conversion to the metal phthalocyanines is very 
poor and a somewhat analogous though much 
superior method is in the use of o-dicarboxylic 
acids or their anhydrides, amides or imides, with 
a suitable metal or metal salt and urea (B.P. 
404126) or aminosulphonic acid (B.P. 467780), 
dicyandiamido (B.P. 603029) or toluene p- 
sulphonamide. The eflficiency of the “urea” 
method can be still further improved by using 
catalysts, c.g.^ boric acid and substances contain¬ 
ing the elements of the Vth or Vlth groups of the 
periodic table, e.gr., ammouium molybdate (B.P. 
476243). Iminophthalimidine is an intermediate 
product in this reaction. 

4. Metallic phthalocyanines, sometimes not 
obtainable in other ways, are prepared by the 
double decomposition of dilithium phthalo¬ 
cyanine and metallic salts. When cold absolute 
alcoholic solutions of the metal salt and dilithium 
phthalocyanine are mixed, the required metal 
phthalocyanine is formed immediately by double 
decomposition and is precipitated (Barrett, 
Frye, and Linstead, J.C.S. 1938, 1158). Silver 
and mercury phthalocyanines are among those 
made conveniently only by this method. 

6. Metal phthalocyanines can bo obtained in 
many cases by treating the metal-free com¬ 
pounds with the appropriate metal or metal salt 
in a high-boiling organic solvent, 

Phthalocyanine itself is obtained by the elimi¬ 
nation of the metals from the labile metal 
phthalocyanines (see below) by treatment with, 
e.g., strong or dilute mineral acids (Byrne, Lin¬ 
stead, and Lowe, ibid. 1934, 1020). Another 
method is by heating phthalonitrile with a 
variety of organic substances, e.g.f acids amides 
(B.P. 467526^), triethanolamine (B.P. 460649), 
or phenols, naphthols or aliphatic hydroxy com¬ 
pounds (B.P. 696334). In all these cases, the 
two atoms of hydrogen required for the forma¬ 
tion of phthalocyanine are supplied by the gross 
decomposition of the added substances. 

By one or other of the above methods, metal 
phthalocyanines representing every group in the 
periodic table and including univalent, bivalent, 
and tervajent metals, have been synthesised. 


Substituted Phthalocyanines. 

A very great number of nuclcar-substituted 
phthalocyanines have been synthesised from 
appropriately substituted phthalic acids or 
phthalonitriles by utilising one or other of the 
general methods outlined above. Plithalo- 
cyariines containing halogeno, nitro, sulpho, 
aryl, alkyl, alkoxy, aryloxy, and anthraqiiinonyl 
substituents may be quoted by way of example. 
The effect of substitution on the shade is in¬ 
variably to produce a shift towards the green. 
Other methods of preparing nuclear-substituted 
phthaloeyanincs are by (a) direct lialogenation, 
sulphonation, etc. (but not, however, nitration 
which leads to gross decomposition of the mole¬ 
cule), and {b) by replacement of some of the 
cliloro or bromo substituents in the halo- 
genated phthalocyanine by other groups, e.g.^ 
aryloxy (B.P. 409139), aryl, and alkylamino 
(B.P. 471435). Halogenation is readily brought 
about by treating phthalocyanines with the 
halogen or a halogenating agent, such as sul- 
phuryl chloride at elevated temperatures, and 
it is possible, e.g., by chlorinating in hot molten 
phthalic anhydride or in molten sodium 
aluminium chloride, to introduce 15-16 atoms of 
chlorine (Barrett, Bradbrook, Dent, and Lin¬ 
stead, J.C.S. 1939, 1824 ; B.P. 478256 ; U.S.P. 
2247725). This process brings about a con¬ 
siderable deej>ening in shade and copper hexa- 
decachlorophthalocyanine is a brilliant green 
colour. Sulphonation of phthalocyanine and of 
the stable metal derivatives to give water-soluble 
products is readily carried out by heating with 
about 20% oleum. The shade of the parent 
phthalocyanine is not changed appreciably by 
this process. 

Analogous Compounds. 

The synthesis of analogues of phthalocyanines 
in which the four benzo rings are replaced by 
heterocyclic ring systems is possible in certain 
cases, and the necessary structural conditions 
have been defined (Linstead, Noble, and Wright, 
J.C.S. 1937, 911; Bilton and Linstead, ibid. 
1937, 922). Phthalocyanine bears a remarkable 
structural relationship with the important 
natural pigments of the porphyrin series. In the 
porphyrins the links between the four pyrrole 
rings are methine (— C H =); in phthalocyanines 
they are nitrogen (see formula). Recent work 
by Linstead and by Helberger and their col¬ 
laborators has shown that substances of an 
intermediate type can be realised in which some 
of the links are methine and some are nitrogen, 
see Linstead, Chem. 8oc. Annual Rep. 1937, 84, 
369 for a summary. 
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PROrEETlES. 

Phthalocyanine itself is a slightly greenish-blue 
solid with a purple reflex. The metallic com¬ 
pounds mentioned above have generally a similar 
reflex and vary in shade from pure‘bright blue to 
green. They are insoluble in water and vary 
from complete insolubility to moderate solu¬ 
bility in solvents such as boiling chloronaphtha- 
leno or quinoline. Some of the phthalocyanines 
are remarkably resistant to heat and sublime 
readily in vacuo at temperatures up to 600°c. 
without decomposition ; the sublimation is pre¬ 
ferably carried out in an inert gas at low pres¬ 
sure. The phthalocyanines of the alkaline and 
alkaline-earth metals, however, do not sublime. 
The phthalocyanines also exhibit an unusual 
stability against attack by most chemical re¬ 
agents. They are, however, decomposed by 
acid oxidishig agents (see below) and certain of 
the metal derivatives, the so-called labile metal 
phthalocyanines, readily lose their mental when 
treated with, e.ff., strong or dilute acids. These 
are the phthalocyanines of the alkaline and 
and alkaline-earth metals and also those like 
lead and manganese the atomic radii of which 
are appreciably larger or smaller than 1-36 A. 
(the radius of the central space in the phthalo- 
eyanine mok'cule). 

I'HES. 


useful for dyeing cotton by the sulphur dyeing 
technique (B.P. 541146 ; 544953). 

Structure. 

Analysis shows that the known phthalo- 
cyanines are of the type 

R(C 8 H 4 N 2 ), or P',(C,H,N,), 

where R is a normally bivalent and R' a uni¬ 
valent atom. The assumption that the molecule 
is of the simplest type, and contains only 1 atom 
of metal (R), has boon justified experimentally 
by the ebullioscopic determinations of the mole¬ 
cular weight of magnesium phthalocyajiino 
(Linstead and Lowe, J.C^S. 1934, 1051), and con¬ 
clusively proved by the A-ray measurements of 
J. M. Robertson (for summaries, see Chem. Soc. 
Ann. Reports, 1936, 33, 160, 214, 221). The 
reagents which yield phthalocyanine wdth 
phthalonitrile give no similar products with 
tercphthalonitrilc, homoi)hthalonitrile, o-xyly- 
lenc dicyanide, o-cyanoeinnamonitrile and 2:2'- 
diphenonitrile. Hence it apj)ears that the tw'o 
nitrile groux>s participating in the formation of 
the complex must be linked to adjacent carbon 
atoms of an aromatic nucleus. Phthalocyanines 
are decomposed by hot nitric acid, cold acid per¬ 
manganates or ceric sulphate into phthalimide 
and salts of ammonia, th(^ fundamental reaction 
being of the type : 


'I'he high general stability of the phthalo- 
cy a nines to heat, acids, alkalis, etc., makes them 
especially valuable for use as pigments. When 
ofliciently dispersed, such as by dissolving in a 
strong acid (sulphuric acid), and reprecipitation 
by suddenly drowning the solution in water 
(cf. II.S.P. ^3693; B.P. 547411), the phthalo¬ 
cyanines show high tinctorial strength and 
brightness combined in many cases w ith a high 
stability to light, acids, and alkalis. When 
efficiently dispersed, copper phthalocyanine 
Monastral Fast Blue R ”) has twice the 
tinctorial strength of Prussian Blue and 20-30 
times that of Ultramarine. Phthalocyanine 
itself (“ Monastral Fast Blue ”) and highly 
chlorinated copper phthalocyanine (“ Monastr^ 
Fast Qreen 0”) have also found technical use as 
pigments. They are used in printing inks 
(“ Monastral Fast Blue B ” being particularly 
valuable as the minus rod in three colour printing 
work), for paints, varnishes, and enamels, for 
plastics, paper, colouring viscose in the mass, etc. 
Various sulphonatcd copper phthalocyanines 
also find technical use. According to the degree 
of sulphonation the products are valuable as 
lake colours (“ Monosol Fast Blue 208 ”), direct 
cotton dyestuffs (“ Durazol Fast Blue BOS ”) 
or for dyeing and surface colouring of paper 
(“ Durazol Fast Paper Blue 1008 ”). The salts 
of the sulphonatcd phthalocyanine^ with organic 
bases (B.P. 460147), with long-chain alkyl am- 
amonium sulphonium or phosphonium bases 
(Swiss P. 807062) are useful as spirit soluble 
dyestuffs. Other phthalocyanines desired for 
dyeing textile fibres are those containing vat- 
table groups (B.P. 490017), or ammonium or 
sulphonium groups (B.P. 622293; 526237). The 
thiocyanophthalocyanines, the mercaptophthalo- 
cyanines and their corresponding disulphides are 


-4CgH50.>N + 4NH3 

and 


(C8H4N2)4Cu+8Hs,0+0 

=4C8H602N+Cu 0 f 4 NH 3 


The oxidation with ceric sulphate provides a 
quantitative method for the estimation of 
phthalocyanines and it was evidence provided by 
this method that, w ith other evidence for which 
the original literature should be consulted, led 
to the proposal of the following formula for 
phthalocyanine (Dent, Linstead, and Lowe, 
J.C.S. 1934, 1035). 



In the metallic derivatives, the metal takes 
the place of the two hydrogen atoms carried by 
the woindole nitrogens, and is co-ordinated wdth 
the other two taoindole nitrogen atoms to form 
chelate rings. The molecule, however, provides 
a perfect example of resonance and there is no 
actual distinction between the four woindolo 
nitrogen atoms which hold the metal or hyd^c^en 
atoms. A complete proof of this structure has 
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been furnished by the X-ray contour diagrams 
of phthalocyanines showing the electron distri¬ 
bution in the molecule (Bobertson, ibid. 1936, 
1195). 

The peculiar nature of the great ring is also 
shown by the magnetic anisotropy of phthalo- 
cyanino which is 15 times as great as that of 
benzene (Lonsdale, Proc. Boy. Soc. 1937, A, 
159, 149). 

The X-ray measurements also show that the 
four woindole nitrogen atoms and the attached 
metal atoms lie in one plane and that, in the case 
of metal-free phthalocyaninc, the planarity over 
the whole molecule does not vary more than a 
few hundredths of an Angstrom unit. 

With regard to the nature of the primary 
valencies holding the metal to nitrogen, these 
differ according to the type of metal involved. 
The phthalocyanines of the alkali and alkali- 
earth metals, which are non-volatile, insoluble in 
organic solvents and which lose their metal when 
treated with acids, are true salts and thus have 
their metals bound to nitrogen by electrovalcnt 
linkages. Those which sublime and are soluble 
in organic solvents are the phthalocyanines 
which contain metals attached to nitrogen by 
means of co-valent linkages (Barrett, Bent, and 
Linstcad, J.C.S. 1936, 1719). 

Oeneral. 

The phthalocyanines as a class present the 
following features of special chemical interest: 

1 . Their resemblance in structure to the por¬ 
phyrins which are the basis of the most im¬ 
portant natural pigments such as those of the 
blood (ha;min) and of green leaves (chlorophyll). 
Previously the peculiar structural arrangement 
of these molecules was without parallel. 

2. The stereochemistry of the metals in the 
metallic compounds presents many features of 
interest. 

3. In respect of the formation of phthalo- 
cyanine, phthalonitrile behaves as a pseudo acid 
with the property of being able to dissolve (and 
combine with) metals without liberation of 
hydrogen. 

4. About thirty-nine of the metallic phthalo¬ 
cyanines have been found to be effective as 
catalysts in certain oxidation reactions. Iron 
phthalocyanine is generally outstanding. 
Examples are provided by the oxidation of 
benzaldehyde to benzoic acid with air and iron 
phthalocyanine, diphenylmethane to bonzo- 
phenone (Cook, ibid, 1938, 1761, 1768), and the 
chemiluminescent oxidation of the Luminals. 

N. H. H. and B. P. L. 

PICROROCELLIN, a colourless, crystal¬ 
line bitter substance, was isolated by Stenhouse 
and Groves (Annalen, 1877, 185, 14) from 
Roccella fuciformia, Forster and Savillo (J.C.S. 
1922, 121, 816) find that picrorocellin has the 
composition C 20 H 22 O 4 N 2 , and melts between 
190® and 220® according to the rate of heating. | 
By the action of aqueous sodium hydroxide, or 
at the melting-point, anhydropicrorocelliut 
C 20 H 20 O 3 N 0 , m.p. 155°, is produced, and this 
by longer heating passes to xanthorocellin, 
^ 19 ^ 1602 ^ 2 , m.p. 184°. These reactions in¬ 
volve the successive loss of water and methyl 
alcohol. 


XanthorocoUin, when oxidised with nitric 
acid, yields benzaldehyde, benzoic and p- 
nitrobenzoic acids, together with a sparingly 
soluble, colourless substance, C 5 H 4 O 4 N 2 , which 
at 300° sublimes with some decomposition. It 
is apparently the 2:3:5:6-tetraketo-l-mothyl- 
piperazine ])roviously described by Dubsky (Bor. 
1916, 49, 1039; 1919, 52 [B], 216). Methyl- 
xanihorocellin, m.p. 143°, oxidised in a similar 
manner, yields a cornjjound, CoHgO^Ng, 
evidently 2:3:5:6-tctraketo-l:4-dimothylpiper- 
azine. Methylxanthorocellin is thus 2:5-dikoto- 
3:6-dibenzylidene-l :4-dimothylpiperazino, and 
this conclusion has been confirmed by Hynthosis. 
Xanthorocellin is accordingly 2:5-diketo-3:G- 
dibenzylidene -1 -methylpiperazine. 

In picrorocellin itself: 

CHPh(OMe)*CHNMeCO 

CO * NH CH'CHPh OH 

the position (1 or 4) of the N-metbyl group is 
uncertain, but in all other respects the formula 
given explains the behaviour of the substance 
and its conversion into anhydropicrorocellin : 

CHPh(OMe) CH NMe CO 

I I 

CO NH CiCHPh 

at the melting-point. 

E. J. C. 

PICROTOXIN. A bitter, poisonous, 
crystalline constituent of Coccuhis indicus (also 
known as the Levant nut) which is the small 
berry-like fruit of Anamirta paniculata (Cole- 
brooks), a climbing shrub of Eastern India and 
the Malayan Islands. It is used as a drug in 
India, the physiological reaction being similar 
to that of strychnine and allied neurophilic 
drugs, and its power of stupefying fish is well- 
known. 

The pericarp of the small black fruit contains 
no picrotoxin; it occurs in the seeds to th(‘ 
extent of 0*4-1 *0% and was discovered in 1812 
by Boullay (J. Pharm. Chim. 1812, [i], 4, 5). 

Picrotoxin may be extracted according to the 
method of Barth (J. pr. Chem. 1864, [i], 91, 
155; J.C.S. 1863, 16, 586) and Barth and 
Kretschy (Monatsh. 18k), 1, 98). The crushed 
seeds are extracted with alcohol, the liquors 
evaporated and the fatty residue boiled with 
water, or the seeds may be extracted directly 
with hot water. The hot aqueous solution is 
treated with a solution of lead acetate, filtered, 
excess lead removed by hydrogen sulphide and 
concentrated. Impure picrotoxin crystallises 
out, and is purified by recrystallisations from 
water or alcohol giving rhombic prisms, m.p. 
198-200°o., very soluble in hot water, alcohol, 
and benzene and sparingly so in ether and 
chloroform {see also Meyer and Bruger, Ber. 
1898, 31, 2958). A method of extraction using 
alcohol as the solvent, obviating the use of lead 
acetate and claimed as superior to previous 
methods, is described by Clark (J. Amer. Chem. 
Soc. 1935, 57, nil). 

Picrotoxin is a molecular compound of the 
two dilactones picro^cmmTt, Ci 5 HigOg (approxi¬ 
mately 60%) and picrotin, (approxi¬ 

mately '40%); Bakunin and Giordani (Rend. 
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Accad. Sci. Fis. Mat. Napoli, 1924, [iii], 30, 166) 
who give references to the earlier views on the 
nature of the complex. 

Addition of bromine water to a hot aqueous 
solution of picrotoxin precipitates raonobromo- 
picrotoxinin, needles, m .p. 259-260°c. Evapora¬ 
tion of the filtrate gives picrotin, purified by 
repeated extraction with small amounts of hot 
chloroform and recrystallisation from water 
(Meyer and Bruger Bcr. 1898,81, 2958), as small 
felted noodles, m.p. 248-250°c., readily soluble 
in absolute alcohol, and acetic acid, but sparingly 
so in ether, chloroform, and benzene. 

Picrotoxinin is obtained by reduction of mono- 
bromopicrotoxinin with zinc and acetic acid, as 
rhombic prisms, Ci 5 Hjg 0 fi,H 20 , which become 
anhydrous at 100"c. and melt at 200-20Pc. It 
is readily soluble in hot water, benzene, alcohol, 
ether, and chloroform. 

Picrotin and picrotf)xinin are very bitter, but 
only the latter is toxic (Christoni, Arch. farm, 
sperim. 1933, 12, 385). 

When subjected to the action of boiling 
hydriodic acid and red phosphorus (Angelico, 
Gazzetta, 1911, it, 41, 337) picrotoxinin and 
picrotin give rise to picrotic acidy Ci 5 Hig 04 
(Oglialoro, ibid. 1891, ii, 21, 213) and a ketone, 
Ci^HipOg, called picrotone by Mercer and 
Robertson (J.C.S. 1936, 288), thus indicating 
the possibility of the same carbon skeleton in 
both dilactones. This conclusion is supported 
by the formation of the same chloroketone, 
^14 HifiOsCI, from picrotoxinin and picrotin 
with hydrochloric acid at ISO'^o. (Angelico, Atti 
R. Accad. Lincei, 1910, [i], 19, 473). 

Oxidation of picrotic acid (Angelico, Gazzetta, 
1911, II, 41, 337) gives a dibasic acid, Ci 2 Hi 207 » 
ai)parently identical with an acid, 

subsequently obtained by the same author 
{ibid. 1912, n, 42, 540) from picrotone and to 
which was ascribed structure ( 1 ). 

By the oxidation of picrotoxinin and picrotin, 
Hansen (Ber. 1933, 66 [B], 850) obtained a 
phthalic acid, Ci 2 HioOe, which had the 
properties of Angelico’s acid and gave a mono¬ 
basic acid, C^iHjy 04 , on further degradation. 
Decarboxylation of the latter yielded aa-di- 
methylphthalide. 

Structure (I) was definitely proved for the acid, 
CigHioOg, by Mercer, Robertson, and Cahn 
(J.C.S. 1935, 997), thus apparently demon¬ 
strating the presence of the aa-dimethylphthalide 
residue in picrotic acid. 

Picrotic acid contains a side chain, 

~-C3HgC02H 

(Horrmann, Ber. 1910, 49, 2107), but the posi¬ 
tion of the carboxyl group was not determined. 
Hydrolytic fission of picrotic acid yields acetone 
and a dibasic acid, C 12 H 14 O 4 , which was con¬ 
sidered to retain the side chain (Angelico and 
Montforte, Gazzetta, 1923, 58, 800). Mercer, 
Robertson, and Cahn {Lc.) have conclusively 
demonstrated that formiila (II) represents 
picrotic acid. 

The constitution of picrotone has been studied 
by Angelico {ibid. 1911, ii, 41, 343; 1912, n. 


48, 540), Horrmann and Bischof (Arch. Pharra. 
1921, 259, 165). The evidence of these authors 
taken in conjunction with the constitution of 
picrotic acid (Mercer, Robertson, and Cahn, l.c.), 
clearly establishes the constitution of picrotone 
as (III) (Mercer and Robertson, J.C.S. 1936, 
288). 

Hydration of picrotin, Horrmann (Annalen, 
1916, 411, 273) gives a-picrotinic acidy CjgHgoOg. 
Boiling the latter with 25% sulphuric acid 
(Angelico, Gazzetta, 1910, i, 40, 391) produces 
an a-ketol, C 14 H 4 QO 4 , picrotonol (Mercer and 
Robertson, l.c.). Oxidation of picrotonol (Horr¬ 
mann and Hagendorn, Arch. Pharm. 1921, 259, 
7; Mercer and Robertson, l.c.) gives an acid, 
^ 13 ^ 1404 ’ which on decarboxylation yields the 
tetramcthylphthalide (IV) identical with a 
specimen derived from picrotone. 

.Fission of the acid, C 13 H 14 O 4 , with 50% 
potassium hydroxide produces acetone and a 
dibasic acid, CiqHjqO^, identified as 6 -methyl- 
homophthalic acid. The structure of the acid, 
C 13 HJ 4 O 4 , is thus (V) and that of picrotonol 
(Vi). 

Picrotoxinin, and picrotoxio acid, CigHi^O,, a 
monohydration product, contain one double 
bond. Hermann and his collaborators (Ber. 
1916, 49, 1554; Arch. Pharm. 1920, 258, 200) 
maintained that ozonolysis of picrotoxinin and 
picrotoxic acid produced only picrotoxinoncy 
CJ4H14O7, and picrotoxinonic acidy Ci4HjQOg, 
respectively, plus formic acid. 

Mercer and Robertson {l.c.) have identified 
formaldehyde as a product of ozonolysis thus 
indicating that the double bond is present as a 
vinyl group. This double bond is not concerned 
in the conversion of picrotoxinin into picrotoxic 
acid (Horrmann et al,, Ber. 1916, 49, 1554; 
Arch. Pharm. 1920, 258, 200; Mercer and 
Robertson, l.c.). 

As a means of locating the double bond, 
picrotoxinone was converted into an aromatic 
system (Harland and Robertson, J.C.S. 1939, 
937) analogous to the formation of picirotie acid 
from picrotoxinin. Reduction of the carbonyl 
group of picrotoxinone, with boiling hydriodic 
acid and phosphorus, yields a phenolic ketone, 
^13 m.p. 189°c.; norpicrotic acidy 

C 14 H 1 QO 4 , m.p. 113°c.; and hydroxynor- 
picrotic acidy Ci 4 Hig 05 , m.p. 213°c. Reduction 
of the phenolic ketone produces a phenol, 
CjjHjgO, m.p. 66 '^c., identified by synthesis as 
l-methyl-4-ethyl-5:6:7:8 - tetrahydro - ) 8 -naphthol 
(VII). 

Picrotoxinin is probably related to the 
sesquiterpenes of the cadinene group, and con¬ 
tains th^ same carbon skeleton (Mercer and 
Robertson, l.c,; Harland and Robertson, J.C.S. 
1939, 937). On this assumption, picrotoxinin is 
represented by the partial formula (VIII) and 
the position of the double bond is fixed as shown. 

Thus the lactone ring system which appears in 
the aa-dimethylphthalide fragment of picrotone, 
picrotonol, and picrotoxic acid is an artefact 
arising by the hydration of the t^opropylidene 
residue with subsequent lactonisation. Nor¬ 
picrotic acid is represented as (IX), and hydroxy- 
norpicroiic acid as (X), and, in agreement with 
these structures, fission with potassium hydr¬ 
oxide does not produce acetone. 
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a-PicTotoxinic acid also has an ethylenic 
linkage present in an isopropylidene system, 
since on ozonolysis it yields a product which 
on being boiled with hydriodic acid and phos¬ 
phorus gives rise to the ketone, Ci 3 Hi(j 02 » and 
nor- and hydroxynor-picrotic acid (O’Donnell, 
Robertson, and llarland, ibid. 1939, 1261). 

The hydrogenation of picrotoxinin also has 
been studied intensively by these authors (Lc.) 
as they were unable to confirm the results of the 
work of Mercer and Robertson (/.c.). Picro¬ 
toxinin is readily hydrogenated, using a platinum 
catalyst, to a-dihydropicrotoxinin (Mercer and 
Robertson, Lc.; Tettweilor and Drishaus, 
Annalen, 1935, 520, 163). Warming this hydro¬ 
genated picrotoxinin with 5% sulphuric acid 
causes quantitative conversion to dihydro- 
picrotoxic acid, identical with a specimen pre¬ 
pared from picrotoxic acid in glacial acetic acid 
using a palladium catalyst. The reduction of 
picrotoxinin in ethyl acetate solution with a 
palladium catalyst may give exclusively p- 
dihydropicrotoxinin, which has not been 
liydrated, or a mixture probably containing a- 
and j3-dihydropicrotoxinin and a neutral com- 
I)ound, which produces i)icrotonol on boiling 
with dilute sulphuric acid. 

Reduction of picrotoxinin with a palladium 
catalyst in alcohol containing a little hydro¬ 
chloric acid gives a mixture of at least three 
(‘ompounds (Mercer and Robertson, J.C.S. 1936, 
288). Treatment of this mixture with dilute 
sulphuric acid gives diliydroincrotoxic acid and 
picrotonol—the first recorded production of the 
latter from picrotoxinin. 

W. B. W. 

PIGMENTS AND LAKES. (Latin PiV- 
rnentuni from pingcrCf to paint.) 

History. 

The use of pigments can be traced back to 
remote antiquity, even to palajolithic times. 
Thousands of years before the Christian era, 
the ancient Egyptians excelled in pictorial art. 
In Assyria, in Lydia, from the eight century 
B.C., and by the lonians and Phocscans, from 
about the sixth century b.g. painting was skil¬ 
fully practised, and held in high esteem. Oiraon 
of CleonsB, his successors Polygnotus of Thasos 
(463 B.C.), Apelles of Colophon, and Zeuxis of 
Heraclea, and other early painters worked 
chiefly in fresco and tempera, with a limited 
range of pigments, nearly aU mineral. Encaustic 
was not commonly practised until after the time 
of Alexander the Great. The pigments were 
mostly the ochres, red lead, cinnabar, orpiment, 
chalk, gypsum, lapis lazuli (?), indigo, carbon, 
and certain special colours, such as “ Egyptian 
blue ” (a copper frit or glass) and “ Tyrian 
purple.” From the accounts given by Pliny 
the Elder and Theophrastus, it would appear 
that a blue prepared from lapis lazuli was not 
known in classical times. Red lead, or minium, 
was used for the coloured statue of Jupiter, set 
up by King Tarquinius Priscus in the Roman 
Capitol. The vegetable colours anciently used 
h«ive probably for the most part decayed, leaving 
no traces; but a pink madder lake and a yellow 
lake have been discovered among the pigpients 
of the ancient Egyptians. 


Definitions. 

A Pigment may bo defined as a solid, usually 
in powder form, which, when dispersed in a 
medium in which it is substantially insoluble, 
confers on the mixture a pronounced hue or 
colour (white and black being regarded as 
colours). In general, though by no means 
essential, it is desirable that pigments be opaque, 
in order to obliterate the original colour of the 
matrix or surface. 

Stainer^ are pigments which are relatively 
transparent, and which are generally employed 
when it is desired to retain the original character¬ 
istics of the surface, e.g., the grain of oak and 
other hardwoods. 

Extenders arc materials notably deficient in 
both colour and opacity, but possessing other 
useful properties. They are employed to rein¬ 
force the mechanical or rheological properties, 
or to modify the surface characteristics or finish 
produced by the composition. Thus the sus¬ 
pension of pigments, the production of matt 
finishes or improvement of brushing character¬ 
istics may be achieved by the incorporation of 
suitable extenders. When used in largo amount 
the object is usually to cheapen the product. 

Lakes may be described as soluble dyestuffs 
or colouring matters, which have been rendered 
insoluble in water by treatment with suitable 
precipitating agents, and precipitated on a base 
or sub-stratum. Lakes were originally made 
from naturally occurring dyestufis, e.g.y Madder 
root, Cochineal insects, Persian Berries, etc., and 
were prized for their brightness of hue, although 
most of these lakes were relatively fugitive in 
sunlight. With the increase in the variety of 
synthetic dyestuffs available and the multi¬ 
plicity of methods of preparing pigments there¬ 
from, any sharp distinction between lakes and 
pigment dj’^estiiffs is of small moment, and these 
will therefore be treated under the general head¬ 
ing of pigments of organic origin. It should be 
noted that Dyes and Stains are soluble and are 
used in solution whereas pigments and lakes are 
insoluble and are used in suspousion. 

Uses and J^ropeeties. 

The ever-increasing demand for colour and the 
development of technique in the production and 
application of colour has resulted in many of the 
articles of commerce, formerly available only in 
black (e.g., saucepans, grates, etc.) or in natural 
colours {e.g.f leather, rubber, etc.) requiring to 
be finished in bright and attractive colours. 
Thus the manufacture of pigments, once as¬ 
sociated exclusively with paints and painting, is 
now quite a separate and distinct industry, 
catering for many other users, e.gf., plastics, 
rubber, leather, ceramics, enamelled hollow- 
ware, glass, cements, paper, printing inks, 
fabrics, etc. 

The selection of a pigment is not merely a 
matter of choosing the right colour. The 
matching of a red fabric (curtain, carpet, or 
dress) may necessitate the use of quite different 
pigments according to whether the use is to bo 
for plastics (requiring resistance to heat), paint 
(insolubility in oils), rubber (liability to 
ing), or paper (effect of inks), etc. Even among 
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paints the different requirements of air-drying 
paints, stoving synthetics, cellulose lacquers, and 
oil-bound distempers may call for quite different 
pigments to attain similar colour effects. Thus 
it is often necessary to compromise on less 
essential features (brightness of colour) in order 
to ensure the essentials (fastness to light or heat, 
etc.) and the selection of the most suitable pig¬ 
ment for any purpose becomes a question for the 
comi^etent technical expert. Before enumerating 
the properties of pigments in detail, it is desirable 
to have a clear idea of the properties required for 
any specific use. 

Pigments in General. —Pigments should be 
insoluble in the meciium in which they are used 
and unaffected by it; as durable and fast to 
light as possible, inert and unaffected by the 
other components of the mixture; and easily 
wetted and incorjjorated in .a mixture and not 
liable to separate on standing. As far as possible 
they should bo non-corrosive and non-toxic, so 
that articles coming in contact with them (food, 
clothes) are not likely to become contaminated. 

Pigments for Special Purposes. —There 
are, however, cases where precisely the opposite 
requirements may hold. Anti-corrosion pig¬ 
ments mostly act by virtue of a passivating 
action on iron or steel; anti-fouling pigments 
are toxic to marine organisms and may contain 
copper, mercury, or arsenic. Luminous, or 
fluorescent pigments, as well as temperature- 
indicating pigments, are necessarily chemically 
unstable and require careful handling. Some 
contain radioactive materials and should only 
be used under competent supervision. 

For plastics, heat resistance and compatibility 
with phenols and formaldehyde are essential. 
In the case of rubber, ability to withstand pro¬ 
cessing and vulcanisation is necessary, whilst 
the presence of traces of copper or manganese 
must be rigidly excluded as these accelerate the 
oxidation of rubber and cause perisliing. In the 
case of ceramics, enamelled hollow-ware, and 
glass the pigments are actually fused in a frit or 
melt and midoubtedly undergo partial solution 
and chemical reactions during application, so 
that the range available is strictly limited. The 
gold lines on china cups and saucers are often 
pure metallic gold applied in the form of a gold 
sol and fired on to the porcelain surface. In the 
case of cellulose lacquers and certain synthetic 
resins, the powerful solvents used would attack 
many pigments commonly used in oil paints, 
and selected pigments insoluble in these solvents 
are required, whereas in the case of stoving 
finishes, heat resistance is important. For 
printing inks very fine graduations in top and 
undertones, extreme fineness, and fastness to 
light are matters of extreme importance. 

Classification . — Chemical composition is 
not a fundamental factor and classifications 
based thereon are not satisfactory. Classifi¬ 
cation based on colour would be more acceptable, 
but for the fact that a range of colour is available 
in most groups of pigments by simple variations 
of treatment. The method adopted in this 
article, therefore, is that of treating like pigments 
in groups, following as far as possible in the 
order white, yellow, brown, red, blue, green, 
black, and metallic. 


Pigments may be further classified as to origin 
and method of preparation : 

Naturally occurring. Mostly mineral pig¬ 
ments, e.^., iron oxides, ochres, vandy^ 
brown, mineral black, ilmenite, and most 
of the extenders. 

Chemically prepared. E.g., white load, zinc 
oxide, lithopone, lead and zinc chromes, 
Prussian and ultramarine blue, lakes and 
pigment dyestuff’s. 

The production of zinc oxide, white load, and 
many other items are the subject of separate 
articles. Details of prei)aT‘ation will be limited 
to what is material to the preparation of satis¬ 
factory pigments. 

Considerable confusion exists in respect of 
terminology so that a limited number of defini¬ 
tions may be stated: 

Hue is that physical property of pigments 
which connotes the species of colour reflected : 
e.gr., red, blue, green. 

Shade should properly be reserved to specify 
the dullness or groynoss of a colour, I'.e., the 
opposite of brightness. 

Tint is the effect produced by the admixture 
of white with a jjigment; thus sky blue, 
cau do nil, stone etc., are tints. 

Tone is a subsidiary colour effect which be¬ 
comes evident when a pigment is examined 
in thin films or as a tint. Thus some reds 
possess a blue tone, t.e., they produce a 
series of tints becoming progressively bluer 
as more and more white is added, whereas 
other reds may become progressively more 
yellow or scarlet. Mass tone, overtone, and 
undertone are further variations in common 
use. Unfortunately the term shade is fre¬ 
quently used instead of tone, thus “ red 
B.S.” indicating a rod having a blue shade 
or undertone. 

The oil absorption of a pigment is defined as 
the weight of oil in grams required to convert 
100 g. of the pigment into a smooth paste. 

The opacity of a pigment is a function of the 
refractive index of the pigment relative to that 
of the medium in which it is dispersed. The 
refractive indices of pigments vary from 
titanium oxide (2*7) to that of white lead or zinc 
oxide (about 1*9). Extenders have lower re¬ 
fractive indices, between 1*53 and 1*63. The 
refractive index of most oils and varnish media 
is around 1*48-1-50, that of water being 1*33, 
in comparison with air as unity. The relative 
opacity of equal volumes of pigments immersed 
in the same volume of medium, would be propor¬ 
tional to the difference of refractive index of 
pigment and medium. Fineness of division, 
however, influences the result by inducing 
scatter, opacity generally increasing as particle 
size diminishes, an optimum being reached in the 
region of particle size 1 p. On a weight basis, a 
I low density implies a larger volume of pigment, 

I so that a combination of low density and high 
refractive index implies a high opacity, which 
can be modified within limits by fine grinding. 
With extenders, which are relatively transparent 
in oil (due to the small difference of refractive 
indexf) improved opacity is found in water media, 
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and whiting is frequently used in distempers as 
a pigment, though by custom it is treated 
throughout as an extender. {See also refractive 
index of organic pigments, Cooper, J. Oil Col. 
Chem. Assoc. 1048, 81 , No. 339.) 

The spreading rate or covering power of a 
paint (the area covered by unit quantity while 
still affording adequate obliteration) and the 
relative hiding power (opacity of films at 
equivalent degree of spreading) are obviously 
closely linked properties which again depend 
on a number of variables (flow, dispersion, etc.) 
so that no simple correlation exists. 

The staining power or relative strength of 
a coloured pigment is determined by admixture 
of standard white (usually zinc oxide) in suitable 
ratios (between 10:1 and 100:1) so as to obtain 
tints of equal depth in oil, when the strengths 
are in the inverse ratio. Whites are similarly 
tested, using an inverse staining power ratio as | 
determined by the use of carbon black standard i 
tinter (1:100). | 

Particle Size,—The size of particles of pig¬ 
ments may range between 1 fi. and 60 fi. (0*001- 
0 06 mm.) diameter. Coarse particles of 60- 
100 fi. are objectionable, whilst in some special 
cases {e.g., carbon blacks) particles as small as 
0*1 fi. may be present in appreciable amounts. 
Eor comparison it may be pointed out that the 
average aperture of a 300 mesh (sieve) (300 mesh 
per linear inch) is 53 ft., and that the upper limit 
of colloidal partick3s subject to Brownian move¬ 
ment is 0*1 ft. Tlie wave-length of green light 
is about 0*5 ft. and the limit of resolution of the 
compound microscope using green light is 
approximately half this, viz. 0*25 ft. It will be 
seen that the particle size of many pigments is 
such that it is very near the limits of resolution 
of the ordinary microscope, and it is precisely 
within those limits that pigments may be 
expected to develop maximum hiding power. 
Recent work with the electron microscope {v. 
Vol. VIII, S4d) has indicated that extremely 
useful results are likely to accrue from further 
investigation in this region (Paint Research 
Station Teclmical Paper No. 138 ; The Electron 
Microscope and its application to the study of 
Pigments). 

Little systematic knowledge of the shape is 
available, and it is in this direction that the 
electron microscope may be expected to prove 
valuable. The typical platelet structure of 
micas and metallic powders, the crystalline 
structure of the chromes and many extenders, 
the fibrous structure of asbestine and the gel 
structure of alumina bases of pigment colours 
all obviously affect the resultant properties of 
the pigments, and must be taken into account 
when correlation of particle size with other 
properties is under consideration. 

Preparation of Pigments. 

The methods by which pigments are prepared 
may be divided roughly under the headings 
given below. 

Grinding and Levigatlon. —Many of the 
earth pigments and those of mineral origin 
merely/equire sorting, washing, and grinding to 
suitable fineness. The mineral as it comes from 
the mine may need crushing to enable it to be 
Vol. IX.-40 


fed to a disintegrator, edge runner, or ball mill. 
The finding may be earned out dry (^.e., air 
flotation) or wet {i.e., levigation). Air flotation 
has the ^eat advantage that subsequent drying 
and regrinding is avoided and a continuous pro¬ 
cess can bo installed whereby the finest particles 
are removed from the cycle at pre-determined 
setting (say 300 mesh), the oversize being 
returned to the mill. Where, however, im¬ 
purities have first to be washed out (or left 
behind) this is often achieved by levigation. 
The mineral is ground under water and the 
suspension is run to large settling tanks. By 
varying the rate of flow, fractionation may be 
effected, the coarest particles settling in the first 
tank, the required pigment in the intermediate 
tanks, and the very finest particles in the last 
tanks of the series. This procedure is usually 
adopted where large natural supplies of water 
are available at negligable cost and the product 
can be handled on a very large scale, e.g., China 
clay. When the tank is full the water is diverted 
to other tanks, and the material allowed to 
settle, removed, and dried. 

Calcination.—^Many naturally occurring pig¬ 
ments and some manufactured materials are 
improved in colour or other properties by cal¬ 
cination at high temperature. Ochre, Sienna, 
and Umber are so treated (being known as 
Burnt Sienna, etc.) as well as many iron oxides, 
to enhance the colour, whilst lithopone and 
titanium chides are furnaced, to improve 
opacity. Such pigments usually require grind¬ 
ing afterwards and either wot or dry grinding 
may be employed according to circumstances. 

Volatilisation. —Those pigments which are 
prepared in the form of a fume, e.g., zinc or 
antimony oxide, carbon black, etc., are usually 
collected in chambers or condensers. They are 
generally very fine (particle size around 1 /x.) and 
seldom require further grinding. 

Corrosion.—Pigments (notably white lead, 
verdigris, etc.) produced by corrosion are usually 
ground wet, washed free from soluble salts and 
heavy particles, particles of metal, etc., and then 
filtered, dried, and ground in the ordinary way. 
White lead is exceptional, in that a water pulp 
of white lead is sufficiently hydrophobic to 
permit pugging with oil, whereby the pigment is 
preferentially wetted with oil and the water 
may be run off by decantation. A short milling 
under vacuum enables an oil paste to bo obtained 
free from water. 

Precipitation.—The precipitation of pig¬ 
ments by double decomposition {e.g., lead 
chromes, Prussian blue, and the preparation of 
lakes and organic pigments by the process of 
colour striking) leaves the product in the form 
of a precipitate, suspended in liquors charged 
with soluble salts. After settling, the clear 
liquors may be run off by decantation, and the 
vat refilled with water. This is known as 
washing, and after several washes in this way 
the concentration of soluble salts is sufficiently 
reduced to permit the resulting slurry being 
pumped to filter presses, where the bulk of the 
remaining water is removed. The press cake is 
then usually spread on trays and dried in ^toves 
by means of hot air at a moderate tomperature. 

' In larger installations where a continuous pro- 
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cess is ia operation, the precipitate may be de¬ 
watered or concentrated by means of Dorr- 
Oliver thickeners, and the thickened slurry 
conveyed to continuous rotary vacuum filters 
and thence to driers. The drying may also be 
done by means of film driers (rotating steam 
heated drums) or spray drying (sprayed into a 
largo volume of hot air as in the case of dried 
milk, etc.). Where high temperatures are per¬ 
missible the wot pulp may be fed direct to a 
rotary kiln drier (as in the case of titanium 
oxide) and the drying and calcination conducted 
in one stage. In the majority of cases, however, 
relatively low temperatures are essential to avoid 
discoloration, and drying under vacuum at still 
lower temperatures may bo necessary in some 
cases. 

The White Pigments. 

The white pigments which are sufficiently 
opaque for use in oil media are : 

White lead and basic lead sulphate. 

Zinc oxide, zinc sulphide, and lithopone. 

Antimony oxide and tin’oxide. 

Titanium oxide and titanium white. 

The relatively transparent whites, which are 
termed extenders are: 

Barytes (BaSO^) and blanc fixe (precipi¬ 
tated). 

Strontium sulphate (SrS 04 ). • 

Terra alba or gypsum (CaS 04 , 2 H 20 ). 

Witherite (BaCOg). 

Whiting, Paris white (CaCO«). 

Magnesium carbonate (MgCOg). 

China clay, talc, asbestine, silica, slate powder, 
etc. 

In addition there are a number of bases, pre¬ 
pared by precipitation, for use as a substrata on 
which to strike dyestuffs, c.g., alumina white, 
blanc-fixe alumina, alumina phosphate, and 
satin wliite. 

White Lead.—Known variously as Dutch 
white, cerussa alba, ceruse, Venetian white, I 
Berlin white, Bleiweiss, Krems or Kremnitz 
white, blanc de plomb, blanc d’argont, silver 
white or flake white, this well-known pigment 
has been made for centuries by the corrosion 
of metallic lead. Until 70 years ago it was 
manufactured exclusively by the traditional 
Dutch “ stack process,” in which cast load 
wickets were built up layer upon layer over pots 
containing weak acetic acid, standing upon waste 
tannin or other fermentable vegetable refuse. 
The completed stack took some 3 months to 
ferment, during which the lead was slowly 
oxidised, dissolved, and converted via basic 
acetate into basic carbonate. Such a stack 
would contain upwards of 120 tons of lead and 
the technical limitations of the process and the 
long time required naturally led to many 
attempts to replace it by a-more rapid means 
capable of proper control. The prejudice in 
favour of stack lead was but slowly overcome 
and the newer methods, which may be classified 
as chamber, quick corrosion, precipitation, and 
electrolytic, are now well on the way to elimi¬ 
nating stack lead almost completely. 

Stack white lead is characterised by a coarse 


structure, some particles being as largo as 
20 fx. in diameter, possesses low oil absorption, 
and ia easily wetted by oil. It is preferred for 
the manufacture of paste paints and is usually 
somewhat discoloured by the tannin used. 
Chamber-process or quick-corrosion lead is 
whiter, of higher oil-absorption, more bulky, 
and in a finer state of division, and is commonly 
used for ready mixed paints, whilst the preeiju- 
tated white lead has the highest oil absorption 
and is if anything still whiter. (For fuller 
details of the various methods of manufacture, 
V. Vol. Vll, 245 et aeq. ; or N. Heaton, “ Outlines 
of Paint Technology,” 3rd ed., Charles Griffin, 
1947, pp. 54 ei aeq.). 

White lead is a basic carbonate of load of 
indefinite composition, generally described as 
2 PbC 03 ,Pb( 0 H) 2 . Whilst the commercial 
roduct is kept within narrow limits when made 
y any one process, the degree of carbonation 
obtaining in different processes varies con¬ 
siderably. According to the B.S. 239-1935 the 
composition must lie within the limits of 20- 
33% hydrate and 67-80% carbonate, corre¬ 
sponding to a carbon dioxide content of 11- 
13%. This would permit variations between 
3*6PbC0g,Pb(0H)2and1*8PbC0.3,Pb(0H)2. 
Excessive carbonation reduces the opacity, but 
insufficient carbonation, whilst improving the 
opacity, is liable to yield a white load of high 
reactivity, causing it to thi(;ken in paints. 

The good obliteration power ascribed to white 
lead is due more to its brushing properties than 
to its intrinsic opacity. The refractive index is 
around DO and its density 6'8. Owing to its 
high density and coarse structure, paints made 
on white lead have a low spreading rate (about 
500 sq. ft. per coat dry white load) so. that ex¬ 
cellent obliteration is observed. When tinted 
with coloured pigments, liowevor, it requires 
rather less colouring matter than the same 
weight of zinc oxide, indicating that its opacity 
is actually inferior to that of zinc oxide. 

For exterior paints it is still regarded as the 
pigment “ par excellence.” It has sufficient 
reactivity with oils to enhance the rate of drying 
and form elastic films, which do not cra(k. It 
has adequate covering power, and althougli it is 
liable to discoloration in industrial atmospheres 
charged with sulphurous gases, this is to some 
extent offset by its liability to chalk on exposure. 
The film is thus weathered away slowly, exposing 
fresh surfaces disposing of the discoloration, 
and leaving the surface in an ideal condition for 
repainting. 

The toxicity of white lead and lead compounds 
has been a matter of considerable concern in the 
past and has lead to statutory regulations cover¬ 
ing both the manufacture and use (v. Lead 
Poisoning, Vol. Vll, 266c). It is, therefore, 
not used in interior painting, nor should it be 
sprayed without special precautions. As a 
result of extensive investigations it has been 
shown that the chief danger is dust and that 
by suppressing dust, the incidence of lead 
poisoning in the manufacture of white lead has 
been reduced to negligible proportions. Rub¬ 
bing down of white Tes^ paints should be done 
wet, usi^ water-proofed sand paper (see also 
Lead Paint (Protection against Poisoning) Act, 
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1926). Most of the white lead used in paint 
manufacture is purchased as oil paste rather 
than dry. White-load oil paste is manufactured 
direct from the wet water pulp by pugging with 
oil, whereby the white lead is preferentially wet 
by the oil and the water is displaced and may 
bo decanted. A short milling under vacuum 
suffices to produce an oil paste substantially free 
from water. 

Basic Lead Sulphate or Sublimed White 
Lead.—Eirst patented by Bartlett in 1870, it 
was originally manufactured in this country in 
1882 by roasting high-grade galena concentrates 
in a modified form of blast-furnace. The 
volatilised lead sulphide, after oxidation by 
moans of a cold air blast, was collected in a 
cooling chamber, yielding a product of fairly 
constant composition: 

Lead sidphate. 75-80%, 

Lead oxide.14-20%, 

Zinc oxide.5-6%. 

It was ve^ little used up to 1908, when Hannay 
j)atented improvements, which were successfully 
operated at Greenford until 1924, when the 
factory was closed down. 

The composition varies betweon 5 PbS 04 ,PbO 
and 2 PbS 04 , PbO. It brushes more easily 
than white lead, spreads further, and in conse¬ 
quence exhibits inferior obliterating power. It 
was originally claimed to be non-toxic, but 
although this attitude Jiad to bo abandoned it is 
certainly less dangerous than white lead. It is 
also less liable to discoloration in industrial 
atmospheres and does not chalk. 

Pattinson’s White. —Patented by Pattinsgn 
in 1849 and abandoned after having been manu-' 
factured over a few years, this pigment is of 
historic interest only. It was prepared by dis¬ 
solving galena (PbS) in hydrochloric acid and 
precipitating the basic chloride by the addition 
of one half the equivalent amount of lime water. 
The composition corresponded with that of the 
mineral Jaurionite, Pb(OH)2,PbCl2. 

Antimony Oxide, SbgOg.—Antimony oxide 
is prepared by the volatilisation and oxidation 
of purified antimony metal. Owing to the fact 
that the oxide itself is volatile (in contradistinc¬ 
tion to zinc oxide) it is essential to cool the 
vapours rapidly, otherwise a coarse crj’^stalUiie 
product is obtained which is useless as a pig¬ 
ment. Prior to 1919 insufficient attention had 
been paid to this fact and the successful com¬ 
mercial use of the pigment dates from about this 
time. Being an acidic oxide it is unaffected by 
acid media and retards chalking of other pig¬ 
ments, e,g.t titanium oxide, in paints. It finds 
considerable use in cellulose lacquers and syn¬ 
thetic finishes for this reason. Its obliterating 
power is superior to that of zinc oxide. It is 
easily wetted by oil and its low oil-absorption 
together with its high density enables pigment 
concentrations up to 78% (by weight) to be 
brushed satisfactorily (Clarke, J. Oil Col. 
Chem. Assoc. 1921, 4 , 2). Its particle size is 
about 1 /Lt. (rivalling zinc oxide in this respect) 
‘and films containing it do not harden and crack 
on ageing. It is liable to slight discoloration on 
e^OBure in industrial atmospheres. In spite 
of the poisonous nature of antimony salts, it is 
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not regarded as dangerous in this respect when 
used in paints. 

Zinc Oxide.—^Known also as Chinese white, 
snow white, zinkweiss, and flowers of zinc; zinc 
white was first manufactured in Prance by 
Courtoise in 1751 by wdiat is now known as the 
indirect process. Metallic zinc or spelter is 
volatilised from crucible'^ heated in a furnace 
equipped with a suitable hood and exhaust 
draught. As the metal volatilises, it issues 
from a hole in the lid and is burnt to form zinc 
oxide in the form of a dense smoko, which is led 
to suitable collection units, graded, and bagged. 
That nearest the furnace is least pure, and the 
product Is usually labelled as wliito, green, red, 
yellow, or blue seal—the white seal being the 
best, usually 99-8% purity. Green and red 
seals are almost as high purity, but yellow and 
blue seals are noticeably off-colour. 

The Dirext Process was first installed at 
Franklin, U.S.A., in 1851 by Wotherill in order 
to utilise a low-grade ore comprising franklinite, 
willemite, and zincite, and containing only 20% 
of zinc. The ore was spread on a layer of 
anthracite and burnt in the furnace, and the 
fume, after passing a trap for retaining ash, was 
collected and condensed in chambers. Owing to 
the relative absence of volatile impurities a 
satisfactory zinc oxide is obtained containing 
up to 5% of lead. 

Continuous Process .—Of recent years, con¬ 
tinuous processes have been developed, based 
on the use of a rotary reverberatory furnace 
into which metallic zinc is fed on to a bed of 
anthracite or coke, the heat of oxidation being 
sufficient to maintain the temperature once the 
reaction has been initiated (B.P. 391514 and 
435005). The slower rate of volatilisation of the 
continuous process favours the development of 
coarser particles which are acicular in form. 
Acicular zinc oxide has been shown to have 
superior durability and is not so liable to crack¬ 
ing of surface coatings made from it (J. Oil 
Col. Chem. Assoc. 1942, 25, 53). 

The present consumption for paint purposes 
of zinc oxide approaches that of white lead. Its 
non-poisonous character and the exceptional 
gloss and flow characteristics make it the pig¬ 
ment “ par excellence ” for light-tin ted interior 
enamels. The addition of small amounts to 
exterior paints tends to harden the final film, 
reducing dirt retention and improving gloss. 
Larger amounts are liable to cause cracking or 
checking, and in this case the acicular type has 
much to recommend it. For paints, colour and 
opacity are important, whereas for incorporation 
in rubber, grades possessing smaller particle 
size (down to 0-1 /x.) are preferred, and the 
mechanical properties are paramount. The 
opacity of these grades may be poor. Zinc oxide 
is basic in character and care must be taken to 
avoid acidic media, otherwise it is liable to set 
to a gel-like cement. 

Lithopone. —The introduction of a new pig¬ 
ment in the form of a co-precipitated zinc sul¬ 
phide-barium sulphate complex in 1874 was 
due to J. B. Orr. Known as Orr’s zinc white 
and a variety of other names {e.g., phonplith), it 
has rapidly overcome the early objections 
advanced against its use, and is to-day one of 
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the most extensively used white pigments for 
interior work. Lithopone is manufactured by 
the double decomposition of solutions of barium 
sulphide and zinc sulphate according to the 
equation: 

ZnS 04 + BaS=ZnS+ BaS 04 . 

The reaction is unusual in that both products 
are insoluble, leaving no soluble salts to be 
washed away. The whole merit of the invention, 
however, turns on the subsequent heat treatment 
of the precipitate at 700“c. in the absence of air, 
whereby the optical density is enhanced, with¬ 
out which the product has very httlo value as a 
pigment. Lithopone possesses a high degree of 
opacity, is a pure white in colour and can be 
manufactured at a very competitive price. The 
world output is of the order of a quarter of a 
million tons per annum, of which some 40 mil¬ 
lions are consumed in this country in the 
manufacture of paints. Originally it was very 
liable to photogenic darkening in sunlight or 
ultra-violet light, as a result of which painted 
surfaces might darken badlj^ within a few hours 
of exposure to bright light, but this defect has 
largely been overcome by methods not fully 
disclosed {see B.P, 264223 et al.). According to 
Mills (J. Oil Col. Chera. Assoc. 1936, 19, 109) 
any lithopone can be stabilised against actinic 
action by the addition of 0*016% of cobalt {see 
B.P. 226523). Lithopone has several marked 
advantages—^high opacity, superior to that of 
zinc oxide or white lead, non-reactivity with 
weak acids, so that it can be used with safety in 
acid varnishes, cellulose lacquers, and synthetic 
resin media, and relatively low price. On the 
other hand, the gloss obtained in enamels is 
much inferior to that of zinc oxide, and its 
liability to oxidation on exterior exposure leads 
to early failure both on metal and wood surfaces. 
Its chief use is therefore for interior undercoats, 
for matt finishes of all types, and in good-grade 
washable water-paints (oil-bound distempers). 
Substantial addition of zinc oxide increases its 
exterior durability (Mills, l.c.) and it is exten¬ 
sively so used in the U.S.A. From the equation, 
the theoretical composition of the product is 
ZnS 29*5, BaS 04 70*6%, and lithopone of this 
type is commercially described as 30% litho¬ 
pone, the most generally used type. A double¬ 
strength quality, known as 60% lithopone, is 
made by replacing a half molecular equivalent 
of zinc sulphate with zinc chloride, followed by 
thorough washing-out of the soluble salts so pro¬ 
duced, before fumacing. In Germany, it was 
the practice to make this quality and to reduce 
it to the 30% quality, by milling it together with 
the requisite quantity of natural barytes, so 
obtaining a product of lower oil absorption. 
This practice is easily detectable by microscopic 
examination under polarised light (crossed 
Nicol prisms) when the crystalline character of 
the barytes is clearly visible against the black 
background of true lithopone, which is isotropic 
under these conditions. Owing to the difficulty 
of excluding air during the fumacing operation, 
most Hthopones contain traces of zinc oxide 
(0* 3-3-0% of ZnO)> and where it is^essential to 
avoid this, a special quality knoum as spirit 
lithopone, which has been washed in weak acetic 


acid, to remove the zinc oxide, should be used. 
It was originally considered that the complex 
ZnS,BaS 04 was in the nature of a chemical 
compound, but this view is not upheld by X- 
ray examination (Wood, J.S.C.I. 1930, 49, 300t). 
It is more likely due to the development of a 
denser crypto-crystalline structure. Its re¬ 
fractive index is 1*84 and density 4-3, neither 
figure being far removed from the arithmetic 
mean of its components (Mills, l.c.). Lithopone 
is extensively used in the rubber and linoleum 
industries; a full review of its uses is given by 
Morris (Paint, Oil, and Chem. Bev. 1928, 85, 
No. 22; 1929, 87, No. 23 ; 1930, 89, No. 16). 

Zinc Sulphide. —It is natural that the suc¬ 
cessful development of lithopone should lead 
to attempts to introduce the straight 100% zinc 
sulphide as a pigment. It was not until 1927, 
however, that a technically pure zinc sulphide, 
under the name of “ Sactolith ” was introduced 
into this country {see B.P. 250581; B. 1927, 
259). Its brilliant white colour and liigh refrac¬ 
tive index (7ij,=2*37) combined with a relatively 
low density (4*0) and small particle size (around 
Ip.) all combine to yield a pigment of excep¬ 
tional opacity and high tinting strength, second 
only to titanium oxide. It is not extensively 
used in oil paints for exterior purposes for the 
same reasons as lithopone, but in cellulose 
lacquers and synthetic stoving finishes it enables 
coatings of high opacity to be built up using 
minimum pigment concentrations, and in those 
special applications it is definitely advantageous. 

Titanium Oxide, TiOj. —Titanium occurs 
relatively widespread throughout the earth’s 
crust, btit owing to the difficulties of isolating it 
and to the refractory nature of its ores it has 
remained until quite recently comparatively 
“ rare.” Its use as a X)igment was first sug¬ 
gested by J. W. Byland of Birmingham in 1866, 
who imported ground ilmenite from Egersund, 
Norway, and patented its use as a black pigment 
for the manufacture of paint. In 1870, John 
Overton took out a patent in the U.S.A. for the 
use of ground rutile (TiOj) as a component of 
anti-fouling compositions for ships hulls. Al¬ 
though Byland realised that the great opacity 
of ilmenite was due to its content of titanium 
dioxide, the idea of separating it in the pure 
state does not appear to have occurred to him. 
Between 1908 and 1921 investigations by Jebsen 
and Farrup in Norway, and Bossi and Barton 
in the U.S.A., resulted in the commercial pro¬ 
duction of titanium white pigments. Originally 
these pigments contained considerable amounts 
of calcium phosphate or barium sulphate, and 
it was not until 1927 that the pure titanium 
oxide (98%) was available commercially. The 
method of manufacture now generally adopted 
is the treatment of the finely powdered ilmenite 
(FeTiOa) with concentrated sulphuric acid, 
when the heat of reaction is sufficient to convert 
the mass into a paste of mixed sulphates of 
titanium and iron. These are dissolved in 
water, and the solution filtered from any 
residue, diluted, and heated, when the hydrated 
titanium dioxide resulting from hydrolysis is 
precipitated, whereas the ferrous sifiphate 
remains in solution. Hydrolysis is facilitated 
by seeding ‘with hydrated oxide firom the 
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previous batch, or more generally by running the 
material forward on a continuous process so that 
continuous precipitation and thickening occurs, 
the thickened slurry being pumped to filters 
and removed from the cycle. The refractive 
index of this product is only 1*8, whereas, by 
furnacing, it can be raised to that of the crystal¬ 
line oxide, 2-7. Furnacing is carried out in 
rotary furnaces under careful control. The 
crypto-crystalline condition is necessary to 
obtain maximum opacity, but overheating 
results in coarse particles of hardness about 7 
(Mob’s scale) and such material will abrade 
steel (hardness=6J) so that when rubbed out 
with steel palette knives or ground on steel 
rollers the product will be blackened by the 
abrasion of the steel surfaces. The furnacod 
product is then passed through disintegrator 
mills, which deliver a finished product of uni¬ 
form fineness (300 mesh), the particles being 
roughly spherical with a diameter of the order 
of 1 fj,. Satisfactory colour and texture is 
obtainable with a purity of 98% TiOg. Titanium 
oxides up to 99-8% purity can be prepared 
where high purity is essential, but such materials 
are useless as pigments. The high refractive 
index of 2-7, combined with the low density of 
3-7 result in a material having the highest 
opacity and staining power of any white pig¬ 
ment. Further, its stability to chemical attack 
by both alkalis and acids enables it to be used 
in almost any medium, and it finds extensive 
use in cellulose lacquers, alkyd and other 
stoviiig synthetic resins, etc. It is chemically 
inactive and non-toxic but has, however, one 
serious shortcoming. On exposure in oil media 
out of doors, paints containing it chalk badly 
and eventually fail. It would appear that 
chemical inactivity is not necessarUy a desirable 
property in itself. The moderate activity of 
white lead which results in hardening of the 
film without cracking or checking is to be pre¬ 
ferred to the activity of zinc oxide, which pro¬ 
motes checking, or the inactivity of titanium 
oxide, which promotes chalking. To some extent 
this defect can be overcome by the addition of 
zinc oxide, antimony oxide, or Avitherite in sub¬ 
stantial amount. This defect is connected with 
the crystfdUne form of the product. Titanium 
oxide, TiOj, is trimorphous, crystallising in 
three forms (anatase, tetragonal, p 3-9; 
brookite, orthorhombic, p 4-0; and rutile, 
tetragonal, p 4-3). The anatase form separates 
around 860°o., whereas brookite is formed at 
about l,000°o., and the rutile form at still higher 
temperatures. Both anatase and rutile are 
tetragonal, but in rutile the prismatic habit is 
more strongly developed. The rutilq^ form is 
less prone to cause chalking, and according to 
B.P. 479072 the incorporation of small amounts 
of antimony oxide prior to furnacing favours its 
formation. Unfortunately, rutile titanium oxide 
pigments do not possess good colour. Titanium 
oxide in admixture with many dyestuff pigments 
accelerates fading, especially in pale tints. 
Composite pigments of titanium oxide and 
barium sulphate in which the titanium oxide 
content raries from 26-70% ace extenrively 
used under the name of titanium whites. Cal¬ 
cium-base titanium u^hite is a similar lament in 


which the barium sulphate is replaced by cal¬ 
cium sulphate. Titanium lithopone is said to 
be co-precipitated pigment made from zinc 
sulphate, barium sulphide, and titanium oxid^, 
calcined in the same way as for lithopone (q.v.), 
but precisely similar properties are obtainable 
by blending lithopone and titanium oxide. Lead 
titanate is prepared by heating together titanium 
oxide and litharge in molecular proportions to 
form PbTIOg. It possesses excellent weather¬ 
ing properties and is free from chalking, but is of 
a pronounced yellow to buff colour. 

Tin Oxide. —Stannic hydroxide or ortho- 
stannic acid, Sn(OH) 4 , is employed in ceramic 
glazes and in vitreous enamels, but is seldom 
used in decorative or artistic paints. Stannic 
oxide, SnOg, occurs in three crystalline forms 
isotrimorphous with the three forms of titanium 
oxide. Both aro chemically similar in properties 
to silica, SiOg. 

Summary of Properties of White Pig¬ 
ments. —To avoid repetition and in order to 
present a comparative picture of the white pig¬ 
ments, mainly from the point of view of their 
use in paints, the following data are appended : 


Pigment. 

Bon- 

sity. 

Refrac¬ 

tive 

index. 

I 

Oil 

absorp¬ 

tion, 

% wt. 

Approx, 
particle 
size, n. 

B.S.* 

White lead 

Basic lead 

C-8 

1-9 

' 7-10 
(Stack) 
9-13 
(Cham¬ 
ber) 

1-20 

239 

sulphate 

Antimony 

6-4 

1-85 

7-12 

— 

637 

oxide 

5'75 

2-2 

10-15 

1 

338 

Zinc oxide 
(acicular) 

5G5 

1-9 

14-21 

1 

30 

254 

Lithopone. 
Zinc Bul- 

4-3 

1-84 

12-20 

10 

296 

plilde . 
Titanium 1 

4-9 

2-3 



— 

oxide . 
Titanium 
white 
(reduced 

3-7 

2-7 

20-30 

1 

392 

types) . 
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* All these British Standards are published together 
as B.S. 239-1935. 


These are average commercial figures and not 
intended to indicate limits permitted by specifi¬ 
cations quoted. 

British Standards may be obtained from the 
British Standards Institution, 28 Victoria Street, 
London, S.W.l, and should be consulted for 
precise details and methods of tests. 

A method for determining relative resistance 
to chalking of titanium pigments is given in 
B.S. 1269-1946. 

Extendees. 

Materials notably deficient in both colour and 
opacity are commonly employed along with suit¬ 
able pigments to re-inforce the mechanical or 
rheological properties or to modify the sifrfrce 
characteristics or finish of the mixtures in which 
they are dispersed. In general these m^dierials 
possess low refractive indices, so thi(t are 
relatively transparent in o£L Some, such as 
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silica, may be added to give “ tooth or rough¬ 
ness to undercoats in order to secure proper 
adhesion, others of relatively high oil-absorption 
such as magnesium carbonate or asbestine may 
be added to improve suspension of the pigment 
or to obtain matt finishes. Extenders are also 
employed as bases on which to strike dyestuffs, 
but this aspect will receive attention under dye¬ 
stuff pigments. The presence of excessive 
amount of extender may generally be regarded 
as adulteration. 

Many extenders are natural minerals, and may 
bo mined as such or in conjunction with other 
minerals with wliich they occur. They may be 
grouped as: 

SulpJiutea of barium, strontium, calcium. 

Carbonates of barium, calcium, magnesium. 

Silicates^ etc., e.r/,, silica, china clay, asbestine, 
mica. 

Sulphates .— BaryteSy BaSO^, also known as 
heavy spar, occurs in many parts of the world, 
notably in Germany, the U.SA., Italy, and this 
country. The annual production in Great 
Britain is 66,000 tons, of which some 40,000 are 
taken by the paint industry. Used in modera¬ 
tion it increases the hardness and resistance to 
abrasion of paint films and certainly does not 
detract from their durability, but when used in 
excess of 15% purely as a cheapening agent the 
obliteration power and other properties are 
adversely affected. It is also extensively used 
as a base on which to strike cheap reduced 
qualities of the various dyestuff pigments, 
chromes, Brunswick Greens, etc., and in the 
filling and surfacing of paper, and in the dressing 
of fabrics. Good grades run 90-95% purity and 
should be substantially free from silica. Its 
high density (4*5) and low refractive index 
(1*63) make it practically transparent in oils 
(71=1’48). It is relatively coarse in texture, 
particle size varying from 5 to 100 /x. (300 mesh 
=53 /X.). Micronised barytes is a specially finely 
ground variety, the particle size varying from 
4 to 9 ft. 

BUinc Fixe is the precipitated form of barium 
sulphate, which is employed wherever the cry¬ 
stalline character of barytes precludes its use. 
It is extensively used as the base on which to 
strike fine colours used in printing inks, high 
quality enamels, and artists’ water colours. 
Particle size varies from 1-5 ft. It is relatively 
transparent in oil, but owing to its fin^r particle 
size is more opaque in water than is barytes. 
It is known al^ under the names of permanent 
white, process white, and constant white. 

Strontium whitBy or celestite, SrS 04 , occurs 
at Yate, near Bristol, where it is found a few 
“ feet below the surface as a white transparent 
mineral, tinted pink due to traces of iron. It is 
somewhat softer and less insoluble than barytes 
and is used similarly, especially in fillers and 
surfacers, to which it confers easier rubbing 
properties in the preparation of smooth surfaces. 

Terra Alba, known also as mineral white, or 
Gypsnm, CaS 04 , 2 H 20 , is extensively used as 
a cheap mineral filler or extender. It is much 
softer than either barytes or celestite and is 
appreciably soluble in water. Its use in paints 
is deleterious, resulting in corrosion on steel 


surfaces. Its texture is crystalline and it pro- 
duces a woolly texture in oil. It is relatively 
transparent in both oil and water, although it in 
used to some extent in water paints. 

Satin white is a precipitated white base pre¬ 
pared by the addition of milk of lime to a solu¬ 
tion of aluminium sulphate, and is used to some 
extent in the preparation of lake pigments and 
in the surfacing of “ art ” papers. 

Carbonates.—Witherito is natural barium 
carbonate, BaCOg. In Northumberland and 
Durham a vein of this mineral up to 16 ft. in 
thickness is worked, and supplies the bulk of 
the world’s production (about 10,000 tons per 
annum). Elsewhere it is rarely found un- 
associated with other minerals. Although 
barium compounds arc scheduled as poisonous, 
the use of barium carbonate in paints, plastics, 
pigments, printing inks, etc., is exempted from 
the general regulations (S. R. & 0., 1935, 
No. 1239, Rule 11, Third Sch., Group 1). Largo 
amounts are used in industry without injurious 
effect on the health of workers. It has useful 
properties in paints, but should be avoided 
where these are liable to come into contact 
with food {e.g,, printed wrappers). It is claimed 
to reduce the chalking of titanium pigments in 
i paints. Precipitated barium carbonate is finer 
and softer and is also used. 

Whiting or Paris white is natural calcium car¬ 
bonate, CaCOg, which has been washed and 
ground. It is extensively used as the basis of 
most distempers, being relatively opaque in 
water media and conferring desirable brushing 
properties. It is mostly prepared from chalk, 
huge deposits of which occur stretching from 
Antrim, Northern Ireland, to the Crimea. In 
places these deposits have been completely 
denuded but elsewhere they have been con¬ 
solidated into limestones, a crystalline variety 
abounding in fossil remains, and in some places 
into marble, in which the crystallisation process 
has destroyed all fossil remains. Powdered 
marble is sometimes used on account of its higher 
purity and higlily crystalline texture. In 
specifications, a prejudice against the presence 
of calcium carbonate in pigments or paints still 
persists, but it is well known that moderate 
amounts (up to 15%) do not adversely affect the 
durability of paint under normal outdoor con¬ 
ditions. The term Paris white is generally held 
to connote a superior quality, especially as 
regards colour and freedom from coarse siliceous 
particles. When a white finish is desired it is 
usual *to add ultramarine blue in quantities 
suiBficient to overcome the distinct yellowish cast * 
due to the presence of iron. 

Magnesite^ MgCOg, is similar in properties to 
whiting, but owing to its higher oU absorption 
finds its chief use in the formulation of matt 
finishes. 

Silicates.—Silica, SiO®, occurs extensively 
as sand, flint, quartz (rock crystal), kieselguhr 
(diatomaceous earth), and as an amorphous 
powder of volcanic origin in the Greek island of 
Milos. The denser varieties * are extensively 
used in primers and undercoats to provide 
“ tooth or adhesion for the subsequent coats, 
but owing to its extremely hard nature (hardness 
7, Moh’s scale) it causes excessive wear on mills 
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and rendeia subsequent rubbing down arduous. 
It should therefore be used sparingly or in con¬ 
trolled amount. The amorphous forms are used 
as suspending agents and for the production of 
matt finishes. Under the microscope the typical 
eonchoidal fracture, the presence of diatoms, 
and its characteristic properties under polarised 
light render detection of the various typos a 
matter of no groat difficulty. Siliceous dust 
entering the lungs causes severe inflammation, 
leading to silicosis, and of recent years stringent 
restrictions have been placed on its use in the 
dry state in this country. The risk associated 
with its occasional use in paint is considered 
Jiogligible. 

AsbeMine .—^Asbestos is a term applied some¬ 
what loosely to various minerals occurring in 
fibrous form, including anthophyllite, horn¬ 
blende, tremolite, actioidite, crocidolite, ser- 
jientine, and talc. Originally, the asbestine 
used in i)aints was the fine pow'der resulting as 
waste from the weaving of asbestos cloth or (‘ord. 
The composition is variable, being cJiiefly 
hydrated silicates of magnesium, calcium, and 
iron. Of recent years white asbestine has been 
chiefly of the talc variety, which is essentially 
hydrated magnesium silicate. It is very soft 
(hardness I, Moh’s scale); density 2-9-3*4, and 
oil absorption 25-30. Its use is almost entirely | 
confined to the production of matt finishes and I 
as a means of preventing settlement in paints. | 
Asbestine is jwono to cause asbestosis, a malady 
closely akin to silicosis, and similar restrictions 
apply. 

China Clay, or Kaolin, has the approximate 
composition Al 203 , 2 SiOa, 2 HaO. It is derived 
from the weathering of granite in situ, by the 
process known as kaoUnisation, whereby the 
soluble constituents are leached out and a mass 
of white insoluble residue is left behind. The 
chief production in this country is at St. Austell, 
Cornwall, with an output of about 1 million 
tons annually. After lovigation to remove sand 
and mica particles it is run through 100-mosh 
sieves into settling pits, filter pressed, and dried. 
It is extensively used in the manufacturing of 
pottery, paper, soap, rubber, and linoleum, and 
finds relatively insignificant use in paint. It is, 
however, used as a base on which to strike dye¬ 
stuff pigments {see “ China Clay, its Composition, 
Preparation, and Uses,” Collins, Chem. and Iiid. 
1923, Feb. 2). Colloidal forms of china clay, 
poptised by means of alkalis and electrolysed 
using a positively charged drum, to which the 
negatively charged china-clay particles are 
attracted and removed by scrapers, have been 
put forward under the proprietary names of 
“ Stockalite,^^ “ Catalpo” etc. Bentonite is a- 
naturally occurring form found principally in 
the U.S.A. and Canada, characterised by its 
capacity of swelling to several times its own 
volume when wet with water and setting to a 
stiff gel. It finds use in water paints as a sus¬ 
pension agent. Fuller’s earth is similar in 
properties and was used originally to absorb 
oil or grease from fabrics, Neuberg chalk is a 
jfarticularly fine variety used as a polishing 
agent, whilst white and green earths are much 
used as bases for the preparation of colours fast 
to lime for use in distempers. Green earth is 


mined in the vicinity of Verona under the name 
of “ terra verte ” and owes its colour to the 
presence of glauconite, a hydrated silicate of 
iron, aluminium, and potassium. It has a dull 
greenish colour, is lacking in opacity and staining 
power, and is better regarded as an extender 
than as a pigment. 

8laie Powder .—Slates are derived from clays 
under the influence of ten'estrial pressures, 
which cause orientation of the particles, leading 
to the formation of definite planes of cleavage, 
along which the rock may be split into roofing 
materials {v. Vol. 11, 138a). The waste formed 
by the trimming of roofing slates is ground to a 
fine powder and air floated. It is generally grey 
in colour and forms a very suitable material for 
the making of grey fillers and stoppers, and as 
an inert extender in cheap paints, asphalt, and 
other flooring compositions, linoleum, and rubber 
compositions. 

Summary of Properties of Extenders.— 

The following are average commercial results 
obtained on good-quality materials. Owing to 
the wide variations of these materials they can¬ 
not be taken as indicating usual limits, but are 
’intended primarily as cbaractorising the different 
extenders: 


Extender. 

Den¬ 

sity. 

llefr ac¬ 
tive 
index. 

Oil 

ai)Sori)- 

tion. 

Approx, 
T)article 
size, At. 

B.S.* 

Barytes . 
(Micro- 
nified) 

4-5 ^ 

l-()3 

«-12 

5 -100 

4-9 

200 

Blanc Fixe 
Strontian . 

4-2 

103 

25- 30 

1-5 

281 

white . 
Terra Alba 

3-9 

l-(52 

— 

— 


(gypsnm) : 

2-3 

ir>9 

20 25 i 

5 -200 


Witlierite . i 

4-3 i 

1-53 

9 12 ! 

GO 

.— 

Magnesite. 

3-0 

— 

— 

10 

— 

Whiting . 

2-7 

1-00 

15 20 

5-20 


Silica . 
(MTIo- 

2-6 

1*55 


40 

301 

wblto) 

2-2 

— 

— 

10 

___ 

Asbestine . 

30 

— 

25-30 

— 

255 

(Jhina clay 
Slate 

2(> 


30 -(50 

1 

— 

powder . 

2(5 

— 

— 

— 



* Published together as B.S. 255-1938. 


Ferruginous Pigments and Earth 
Colours. 

This extensive group of pigments, the pig¬ 
mentary properties of which are due in the main 
to the presence of iron, may bo divided into 
two classes, naturally occurring and chemically 
prepared. Pigments of either class are com¬ 
monly submitted to calcination, whereby the 
shade may be altered or a whole range of shades 
produced, in which case the prefix raw or burnt 
may bo used as in the case of Sienna or Umber. 
Blended products are also common, in whi(;h the 
properties of the natural oxide have been 
modified by the addition of chemically prepared 
ferruginous pigments in order to comply with 
specification requirements or to improve the 
colour or tintorial strength. 

Naturally Occurring Iron Oxide Pig¬ 
ments. —^This class comprises a large number 
of pigments varying in colour from pale yeliow 
through red to crimson, brown, and black. The 




632 


PIGMENTS AND LAKES. 


colour is due mainly to iron in the form of 
hydrated oxide, oxide, or silicate, modified in 
some cases by the presence of manganese, and 
varies accorcUng to the locality in which they 
are mined. In general the hydrated forms are 
yellowish, becoming redder as dehydration to 
oxide occurs, whilst the presence of manganese 
tends towards browner shades. In some cases 
the composition approximates to that of haema¬ 
tite (Fe^Os) or magnetite (Fe 304 ) whilst in 
many others the iron content may be quite low, 
the balance generally consisting of silica, clay, 
calcium carbonate or sulphate, organic matter, 
etc. Methods of mining and the care expended 
in preparation for the market vary considerably 
in dilferent countries, but usually only those 
deposits which can be worked with a minimum 
of treatment to provide satisfactory pigments 
are capable of economic exploitation. 

Ochre.—Ochres may be regarded as hydrated 
oxides of iron, associated with a considerable 
amount of silica. They are yeUow in colour, 
somewhat opaqiie, low in iron, and relatively 
weak in staining power. At one time exported 
extensively from Prance, those were obtained 
mainly from the Yonne and Vaucluse districts; 
the various qualities were designated by initials 
still in common use, e.g., J.P.L.S., the significance 
of which is here given : 

,1. Jaunc Yellow. E. Extra Extra. 

Jj. Lav6 Waslied or F. Fonc6 Dark. 

levigated. O. Or Gold. 

(!. Citron Light yellow. K. Kouge. lied. 

T. Tn)s Very. S. SulUcrfin Superfine. 

Excellent qualities are also obtained from Italy, 
India, and South Africa. In this country, 
Oxford ochre was formerly a weU-known variety, 
but the deposit is now exhausted. West of 
England ochres, notably from the Golden Valley 
district, and the Derbyshire ochres are well 
known and of excellent quality. The iron con¬ 
tent of ochres varies from 13 to 75% as FfigOa; 
typical analyses are as follows : 


Ochif. 

Oxide 

of 

iron. 

Loss 

on 

igni¬ 

tion. 

Silica. 

j Alu¬ 
mina. 

Cal¬ 

cium 

sul¬ 

phate. 

Cal¬ 

cium 

carb¬ 

onate. 

Mag¬ 

nesium 

salts. 

Italian 

67-28 

11-50 

15-75 

3-67 

m 

1-78 

Nil 

African 

61-13 

12-10 

21-00 

3-87 

1-02 

0-14 

Trace 

Bristol 

47-31 

8-00 

27-75 

5-69 

0-524 

9-61 

(0-70 

NaCI) 

1-12 

Indian 

33-00 

12-80 

49-75 

3-50 

Trace 

0-90 

as 

MgCOj 

Trace 

Bpauish 

73-89 

11-60 

6-50 

5-70 

1-16 

1-12 

NU 

Devon 

18-00 

9-00 

68-00 

2-90 

0-41 

1-67 

— 

French 

J.F.L.S. 

13-88 

7 00 

76-00 

2-12 

0-35 

0-42 

— 


On calcination ochre becomes reddish and is 
termed “ burnt ” or “ red-ochre.” 

Sienna.—There is no definite line of demarca¬ 
tion between ochres and siennas, but the pro¬ 
nounced transparency of the latter does in fact 
lead to a sharp distinction being made in use. 
Raw siennas are much higher in iron content 
(on the average over 60% as Fe^Og) and 
generally contain a small amount of manganese 
(0-1-1 *6%). They are decidedly stronger in 
staining power and are used as stainers or 


glazing colours (see definition, p. 623c) in the 
preparation of natural woods which are to be 
varnished or French polished, and in the grain¬ 
ing of painted surfaces. Sienna, as the name 
implies, is obtained from the vicinity of the 
Italian city of Sienna, and from Sicily. Raw 
sienna, which is not nearly so abundant in 
nature as ochre, is a brownish-yellow pigment 
possessing a greenish cast. A typical analysis 
is as follows: 


Ferric oxide, FegOg . 

. 64^96 

Manganese dioxide, MnOg . 

. 1-46 

Alumina, AlgOg . 

. 7-26 

Calcium oxide, CaO. 

. 1*30 

Silica, SiOg. 

. 14-02 

Combined water .... 

. 9-40 


98-40 


Burnt Sienna, obtained by the calcination 
of raw sienna, is of a rich transparent orange- 
brown colour, the depth of which may be varied 
according to the temperature and conditions of 
heating. It finds considerable use as a glazing 
colour and when reduced with an opaque white 
pigment yields warm yellow tones unobtainable 
with ochres. 

Umber. —Umbers are differentiated from 
ochres and siennas by the higher manganese 
content and much darker colour. They are not 
too plentifully distributed in nature; a poor 
quality is mined in this country, but the best 
qualities, known as Turkey umber, have for 
centuries been obtained from the island of 
Cyprus and imported into this country via 
Constantinople. Raw Turkey umber is dark 
brown in colour with a peculiar greenish cast, 
containing 30-60% of FCgOg and 16-30% of 
MnOg, the balance being organic matter, silica, 
and alumina. 

Burnt Umber^ as the name implies, is a cal¬ 
cined umber. It is a dark brown in colour with 
a reddish cast, the change on calcination not 
being nearly so marked with umbers as with 
ochre or siennas. Ochres, siennas, and umbers 
are somewhat hygroscopic, and the determina¬ 
tion of moisture therein is best carried out in 
vacuo according to the method of the British 
Specification No. 312. 

Red Oxide of Iron.—Extensive deposits of 
natural oxide of iron, haematite, FOgOg, occur 
throughout the world, but only those deposits 
which have the required physical properties are 
of interest as pigments. In the Malaga district 
of Spain, an extensive deposit is worked, yielding 
an oxide averaging 80-90% FCgOg, known in 
this country as Spanish oxide. This is exten¬ 
sively used in the manufacture of red oxide 
paints for the protection of steel structures. It 
has excellent obliteration and brushes out well. 
When reduced with whites it shows good staining 
power, yielding tints with a yellow undertone. 

Another deposit occurs at Ormuz on the 
Pereian Gulf, the oxide being known as Gulf red. 
This has an even brighter colour, and yields 
somewhat bluer undertone on reduction with 
white. Although it averages only 70% FcjOg 
and is considerably higher in silica, it commands 
a better price on account of its bright oolour. 
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Comparative analyses of these two oxides are as 
follows : 



Spanish, 

%. 

Persian 
Gulf, %. 

Forri(^ oxide .... 

90-60 

68-41 

Alumina. 

2-87 

4-41 

Manganese dioxide . 

0-15 

— 

Calcium oxide 

0-50 

1-26 

MagncHium oxide 

0-18 

— 

Water (combined) 

2-18 

3-00 

Silica. 

3-36 

22-45 


99-84 

99-83 


Jii this country useful deposits are worked at 
Winford, Somersetshire, and in the Forest of 
Dean, Gloucestershire. The famous Crawshay 
red, averaging up to 95% FegO^, was obtained 
from the latter district, but is no longer worked. 
Another good oxide is mined in Derbyshire, 
whilst from Brixliam a well-known red of that 
name Wfis obtained. 

Black Oxides of Iron. —Magnetite or mag¬ 
netic iron ore, Fe 304 , is found in Devonshire 
and Cornwall, associated with other minerals 
ill metalliferous lodes or veins. It crystallises 
in the cubic system, often occurring in small 
octahedra. Micaceovs iron ore or specular iron 
ore is, however, a form of hicmatite, FCgOg, 
crystallising in the hexagonal system, and occur¬ 
ring as masses of rhombohedral crystals, black 
in colour with a metallic splendent lustre. It is 
non-magiiotic and contains no mica, but is em¬ 
ployed in anti-com)sion paints on account of its 
micaceous structure—platelets which “ leaf ” 
or overlay one another so as to offer additional 
resistance to the penetration of moisture. If 
ground, it changes to a red powder, due to 
destruction of the crystal structure. These 
oxides are poor in colour and of weak tinting j 
strength, and owing to their high density (4-5- | 
5-0) they settle out rapidly in paints. Much of 
the black oxide used to-day is chemically pre¬ 
pared {v. infra). 

Chemically Prepared Iron Oxide Pig¬ 
ments. Turkey and Indian Reds. —These are 
prepared by the calcination of ferrous sulphate 
or green copperas, FeS 04 , 7 H 20 . The cop- 
jKjras is first dehydrated to remove as much 
water of crystallisation as possible and then 
heated in muffle furnaces to a temperature of 
about 850°c., precautions being taken to absorb 
the sulphurous fumes. It is then ground in 
water, W’^ashed, and levigated to remove coarse 
particles. The lighter and brighter reds are 
known as Turkey red, and the deeper reds 
obtained at the higher temperatures are known 
as Indian reds. Both approximate 97% FejOg, 
but at the higher temperatures a denser struc¬ 
ture develops, resulting in weaker tinctorial 
strength and bluer undertone. 

Pur<ple Oxides of Iron. —An inferior grade of 
Indian red is obtained from the burning of 
pyidtes, FeSg, in the manufacture of sulphuric 
acid. Owing to the high temperatures employed 
and lack of c-are (so far as pigmentary properties 
are concerned), these oxides vary in colour from 


that of deep Indian red to dark purple or choco¬ 
late. They are very dense and hard and are 
seldom finely ground, so that bad settlement in 
paints is prevalent. They are weak in tinctorial 
strength and very blue in undertone. The iron 
content averages 85% Fe 203 . 

Turkey red and Indian reds may also be made 
from galvanisers’ waste pickle liquors, by first 
neutralising the free acid by means of iron scrap 
and then treating the liquors with milk of lime, 
whereby ferrous hydroxide is precipitated. By 
oxidation with air at low temperatures, products 
generally poor in colour are obtained, but on cal¬ 
cination these give bright reds of the Turkey 
and Indian red type. If the oxidation is carried 
out at the boiling-point, black magnetic oxide 
of iron is obtained. 

Venetian Red was originally a natural red 
ochre found in the vicinity of Verona, but the 
name is now applied to a manufactured oxide 
heavily reduced with calcium sulphate. 

Burntisland Red is a low-grade iron oxide 
obtained as a by-product from the extraction of 
aluminium from bauxite by the Bayer process. 
Bauxite, an impure aluminium oxide containing 
much iron oxide, is extracted by means of 
caustic soda, which dissolves the aluminium and 
loaves the iron oxide and unattacked clay as a 
residue or “ red mud.” The composition is 
variable, but it contains on the average some 
40% of ferric oxide and is a useful red where 
brightness or colour is unimportant. 

Ferrite Yellows. —Although chemically pre¬ 
pared oxides have been in use over many years, 
attempts to produce hydrated oxides yellow to 
orange in shade have in the past been relatively 
unsuccessful. Gradually, over the last 20 years, 
however, success has been achieved and to-day 
a whole range of yellows, brighter and stronger 
than the natural oxides or ochres are available. 
Ferrous sulphate solutions are pumped over 
scrap iron, the solution being simultaneously 
aerated, so that iron is dissolved and the ferrous 
j sulphate solution oxidised. The ferric sulphate 
1 then partly hydrolyses to hydrated ferric oxide 
and sulphuric acid, the free acid then dissolving 
more iron thus: 

1. 2FeS04+H2S04d-0-Fe2(S04)3+H20 

2. Fe2{S04)3+6H20 

-Fe203,3H20+3H2S04 

3. 3H2S04-f3Fe=3FeS04+3H2 

Considerable variations in shade are obtainable 
by adjustment of temperature and concentration 
as well as pH. The ferrite yellows or mars 
yellows so produced are soft in texture, of good 
opacity and of excellent tinctorial strength. 
They possess a much higher oil absorption than 
natural ochres and, being free from silica, do not 
damage the steel rollers of modem paint milling 
machinery. They are easily dispersed in oil and 
can be standardised in a manner that is im¬ 
possible with natural ochres. Care is, however, 
necessary,in certain cases, especially with oil- 
bound emulsions, as phase reversal may occur, 
due possibly to the presence of soluble salts or 
the hydrophilic properties of these pigments. 
Trouble has also lieen experienced with fa^^^ 
in oil media. 
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Black Oxides .—From the reduction of nitro¬ 
benzene to aniline by means of scrap iron, a 
black oxide of iron is obtained, which &id 8 some 
use as a pigment. It has inferior drying proper¬ 
ties, due to tarry impurities, and is very weak 
in tinctorial strength. By carrying out the 
preparation of ferrite yellow at the boiling-point 
instead of at low temperatures, black oxides can 
be obtained, possessing magnetic properties. 
These have excellent strength, are very fine, and 
possess quite remarkable polishing properties, 
imparting to glass, in particular, a bright lustre, 
verted into bright reds. 

Physical Structure .—The physical structure 
of hydrated oxides is important and has been 
investigated by moans of X-vay diffraction 
spectra. According to Wagner (Paint and 
Var. Prod. Man. 1931, 34) they are amor¬ 
phous and transparent wlien freshly pre¬ 
cipitated, but upon ageing at ordinary tem¬ 
peratures, orientation occurs with development 
of crystal growth of the raonohydrate, a- 
geothito, FegOg, H gO. If precipitated by means 
of lime, the resultant crystal form is pseudo- 
morphous after CaCOg. When dehydrated, 
all artificial hydrates exhibit a haematitic struc¬ 
ture. By means of adsorption of basic dyes, the 
presence of silicic acid can be demonstrated, 
aluminium silicate only adsorbing the dye super¬ 
ficially and iron hydroxide not at all. Sienna 
from Tuscany exhibits the a-goothite structure, 
the particles being cemented together by col¬ 
loidal silicic acid. The following are the 
relevant British Standards: 


272-1936. Natural Red Oxides of Iron. 

305- 1936. Manufactured Red Oxides of Iron. 

(Published with B.S. 272-1936.) 

306- 1937. Black Oxide of Iron. 

312- 1937. Raw and Burnt Sienna. 

313- 1937. Raw and Burnt Umber. (Pub¬ 

lished with B.S. 312-1937.) 
337-1937. Ochre. (Published with B.S. 312- 
1937.) 

339-1937. Purple Oxides of Iron. (Pub¬ 
lished with B.S. 306-1937.) 
370-1938. Venetian Red. 

694-1936. Blended Red Oxides of Iron. 

(Published with B.S. 272-1936.) 


Chromes. 

Of all the yoUow pigments available, none 
have a wider application or are used in such 
quantities as the chromate pigments. This group 
covers a wide range of colours from primrose 
through golden yellow to scarlet and red. From 
them a still wider range of greens may be made 
by admixture of blues—^mostly Prussian blue— 
which are known as chrome or Brunswick greens. 

In general the chromes possess excellent 
weather resistance, good opacity, and low oil 
absolution. They are not, however, resistant 
to alkalis, which cause reddening due to the 
formation of basic compounds, nor are they 
proof against disooloration in industrial areas, 
w'here sulphurous gases are present in the 
atmosphere. The c&omates of lead are by far 
the most important, but those of zinc, barium, 
and calcium have certain applications, which 
will receive mention. 


Lead Chromes. —^Middle chrome or golden 
yellow as it is frequently termed can be regarded 
as normal lead chromate, PbCr 04 . It is made 
by the precipitation of normal sodium or potas¬ 
sium chromate with a soluble salt of lead. The 
dichromate is, however, employed commercially, 
being neutralised with soda ash before tho 
addition of the lead salt, thus : 

2^7"^ N 3gC03=2 N agCrO^-f-COg. 

This is essential for the preparation of clean 
chromes, otherwise a large excess of acid will bo 
liberated during precipitation. To avoid the 
possibility of any excess of alkali, which would 
redden the chrome, and to ensure stability, 
middle chromes are kept slightly acid, and excess 
lead should be present throughout. Thus the 
chromate solution is added to tho lead salt solu¬ 
tion and not vice versa : 

Na2Cr04-}- Pb(N03)2-PbCr04+2NaN03. 

Lead nitrate may bo replaced by lead acetate, 
basic acetate, chloride, or basic chloride (as 
suspensions), but tho best qualities are made 
from nitrate. 

Lemon chrome is a paler shade obtained by the 
co-precipitation of lead sulphate with lead 
chromate. This is not a more mixture, nor is 
there any evidence of the formation of a double 
salt, but according to Lederle (Rev. Prod. Chira. 
1937, 263) the lead sulphate is present in solid 
solution in load chromate. Whatever the pre¬ 
cise form, it is quite definite that lead sulphate 
stabilises tho pale forms, for although lemon 
chromes can be made by striking cold in the 
absence of load sulphate, such chromes revert 
to the middle shade on ageing. Lemon chromes, 
on ageing, undergo a change from rhombic to 
monoclinic form, accompanied by an appreciable 
alteration in sedimentation volume. This change 
can be accelerated by prolonged stirring or 
slight heating (Clay and Watson, J. Oil Col. 
Chem. Assoc. 1944, 27, 5). The limits of com¬ 
position of this typo of chrome may be con¬ 
sidered to be between PbCrO 4 , 0 - 6 PbSO 4 and 
PbCr04,3PbS04. 

The method of manufacture is similar to that 
of middle chrome except that sodium sulphate 
is added to the dichromate and soda ash before 
running down into the solution of lead salt. 

Primrose Chromes .—^There is a limit to the in¬ 
creased paleness obtainable by the use of sul¬ 
phate, and if still paler colours are desired, other 
methods must be resorted to. The addition of a 
small amount of aluminium sulphate to the di¬ 
chromate solution before precipitation, follawed 
by the appropriate amount of soda ash after 
precipitation to bring down the alumina hydrate, 
is the usual method of making these pale shades, 
which are used principally by the printing ink 
industry. The finished product approximates 
to the composition PbCr 04 , 3 PbS 04 ,AI( 0 H) 3 .* 
All the above are struck cold, but the shade 
may be varied by raising the temperature where 
necessary. 

Orange Chromes ,—^Middle chromes, if boiled, 
or still more so if heated with caustic soda, 

• This corresponds to 8 * 8 % of AI^Oi on the fbnnula 
given. B.S. 26218 p^r^sive to the extdrt of AI 2 O 3 not 
exceeding 
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deepen in shade and become basic in com¬ 
position. By varying the basicity of the pre¬ 
cipitating liquors (e.gr., by using basic lead 
acetate) and by boiling after precipitation, 
varying shades of orange chromes are prepared. 
The composition approaches that of 

PbCr 04 ,Pb( 0 H) 2 . 

As the shade deepens it becomes duller and the 
tinctorial strength weakens. 

Red Chromes.—A highly basic chrome of much 
brighter hue may bo made using white lead and 
dichromate solution. Bright deep reds possess¬ 
ing a marked crystalline structure are thus 
obtained. On grinding, the crystalline structure 
is broken down and the colour becomes a dull 
orange. These reds wore known as Persian red, 
(Chinese red, and Derby red and were used to a 
fairly large extent, but the production is now 
almost discontinued. 

Scarlet Chromes .—Much cleaner and brighter 
chromes are now made by the co-procipitation 
of lead molybdate with lead chromate and sul¬ 
phate. Those chromes darken somewhat more 
than yellow chromes on exposure, but their 
superior strength and obliterating power are a 
distinct advance on the older types. The com¬ 
position approximates to that of 

PbCr 04 ,PbS 04 ,PbMo 04 . 

Liyht-fastness of Lead Chromes .—^Although 
leail chromes may be regarded as quite durable 
and fast to light, occasional failures in this 
respect have occasioned investigation. Nitrate 
middle chromes are, by general consent, con¬ 
sidered faster and more satisfactory than acetate 
chromes. To some extent this may be duo to 
impurities in commercial acetic acid, but 
Wagner (Paint and Var. Prod. Man. 1934, 
10, No. 6, 10) considers it may bo due to 
crystalline form, the monoclinic being more 
stable to light than the rhombic. Baker and 
Barraclough (Oil and Col. Trades J. 1939, 95, 1, 
142) have pointed out that chromes blacken 
more readily in oily media and suggest that inter¬ 
action with oil or driers to form peroxides, which 
in turn decompose the chrome, may be the cause. 

B.S. 282-1938 covers lead chromes. 

Zinc Chromes. —Zinc chromes possess no 
definite chemical composition, nor do they form 
the range of shades obtainable with lead chromes. 
They are generally made only in pale shades, 
and are valued for the making of a bright range 
of greens, such as are not obtainable using lead 
chromes. As yellow pigments they are not very 
satisfactory, possessing neither strength nor 
opacity. They are not reddened by alkali, and 
so may be used in distempers, which are often 
applied on alkaline cement or plasters, but are 
not very weather-resistant. 

The coi^osition of zino chrome is stated 
by Ellis, Fox, and Hirst (J. Oil Col, Chem. 
Assoc. 1928, 11, 194) to bo approximately 
K 2 Cr 04 , 3 ZnCr 04 ,Zn( 0 H)a, and the method 
of preparation is given by Buchan and Fox {ibid., 
p.*198). In general, these pigments are made 
from ^ino oxide and potassium diohromate In the 
presence of sulphorio acid. They are decidedly 
basic and appreoiably water-soluble, so that 
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washing of the precipitate must be brief, other¬ 
wise hydrolysis will proceed so far as to render 
the product useless as a pigment. Potassium 
is invariably retained in the pigment when 
potassium dichromate is used; sodium di- 
chromate is not used on account of its greater 
solubility and hygroscopic nature. 

The chief merit of zinc chrome is in the pre¬ 
vention of corrosion, particularly of light alloys 
used in aeroplane construction. For this pur¬ 
pose the pigment is specially prepared, the degree 
of solubility in water and freedom from soluble 
salts of a corrosive nature {e.g., chlorides, sul¬ 
phates, etc.) being very important. Specification 
D.T.D. 337A (1946) prescribes methods of tost. 

B.S. 389-1938 (published with B.S. 282- 
1938) covers zinc chromes. 

Barium Chromate, BaCr 04 . —The main 
use of this material (which has been eonsiderabh; 
during the Second World War) is as a con¬ 
stituent of a jointing compound used in aircraft 
construction. A small quantity is used for 
pyrotechnic purposes, but this nise is almost 
negligible in comparison with the main use in 
jointing compounds. 

The purpose of the jointing paste is to prevent 
electrochemical corrosion at the junction of 
two dissimilar metals (particularly if one of these 
is a magnesium alloy) in the presence of sodium 
chloride. The method of use is to apply a 
liberal coating of the jointing compound at the 
point where the junction is to bo made before 
bringing the two parts together. 

The specification calls for a high standard of 
purity barium chromate) and a low 

limit is imposed on water-soluble matter in an 
oil varnish medium impregnated with barium 
chromate (Specification D.T.D. 369.(1938)). 

In contrast with both zinc chrome and calcium 
chromate, barium chromate is for all practical 
purposes insoluble in water. It is not therefore 
used to any great extent in anti-corrosion 
priming paints, in which cases, according to 
modern views, it is desirable to use a chromate 
pigment with a small but definite soluble 
chromate value. 

Calcium Chromate, CaCr 04 . —^Calcium 
chromate has really only one use, and that is 
for corrosion-inhibiting cartridges used in air¬ 
craft fuel tanks. The material has been used 
for this purpose for some time, but it is only 
recently that a specification has been issued for 
it under D.T.D. 495. This specification defines 
limits for calcium content, total chromate con¬ 
tent, soluble chromate, volatile matter, and free¬ 
dom from impurities. 

Calcium chromate is relatively soluble in 
water (much more so than zino chrome) and the 
specification upper limit for soluble cliroraate 
calculated as CrOs is 4-5%. Its comparatively 
high solubility makes it a not very easy pig¬ 
ment to manufacture, particularly as the top 
limits for sulphates, chlorides, and nitrates in the 
specification are 0-1% in each ease. The 
difficulty, of course, is to wash out the unwanted 
soluble materials without at the same time 
reducing the yield of calcium chromate to an 
uneconomic figure. 

The high soluble chromate value of cakaim 
chromate apparently makes it suitable for use 
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in places, such as fuel tanks, where a com¬ 
paratively very small proportion of water is 
present; its solubility is too high for it to bo a 
satisfactory paint pigment. 

Other Yellow Pigments. 

Cadmium Pigments. —A valuable range of 
pigments is supplied by cadmium sulphide, 
Rclonide, and telluride. Cadmium sulphide is 
yellow, and although cadmium selenide is a 
brownish-black of no interest, mixed sulphides 
and selenidcs provide a pleasing range from 
orange to maroon, the latter approximating the 
composition CdS,CdSe, beyond which dull 
products result. 

Those pigments may be produced by precipi¬ 
tation of cadmium salts with sodium sulphide or 
hydr ogen sulphide or by the roasting of cadmium 
carbonate with sulphur. An extremely fine 
product may bo produced by the simultaneous 
vaporisation of ciadmiiim and sulphur out of 
contact with air, so that combination can occur. 
Brilliant lemon yellows may be produced by 
melting sodium thiosulphate in its own water 
of crystallisation, adding cadmium sulphate and 
zinc oxide, and calcining at 400-500‘^c. 

For pale results, zinc-cadmium sulphides may 
be used. The term “ Cadmopone ” was applied 
about 1925 to mixed cadmium-zinc sulphide and 
barium sulphate complexes, made in imitation 
of lithopone {q.v.) {see Ward, J. Oil Col. 
Chom. Assoc. 1927, 10, 4). 

CJadmium sulphides have been used for many 
years as artists’ colours, but it was not until 
about 1933, when the price of cadmium fell to 
under 2s. per lb., that commercial interest was 
aroused. They are fast to light, of excellent 
opacity, and very low density—a marked 
advantage over chromes where stoving finishes 
and cellulose lacquers are concerned. They are 
extensively employed in the decoration of 
ceramics, as unlike zinc sulphide, cadmium sul¬ 
phide is not oxidised on heating. 

Arsenic Sulphide or Kings Yellow, 
ASgSg.—Originally prepared from natural orpi- 
ment, ASgSg, it is obtained by precipitating an 
acid solution of arsenious oxide with hydrogen 
sulphide or sodium sulphide. It may also be 
prepared by heating together white arsenic and 
sulphur. It is a bright yellow pigment, but 
owing to the poisonous nature of arsenic com¬ 
pounds it is now practically obsolete, except for 
its us^in rubber. 

Orange Pigments. 

Arsenic Orange, ASgSg, is a deep orange 
pigment, originally obtained from natural 
realgar, ASgSg. It may be prepared by fusing 
together white arsenic, sulphur, afld charcoal. 

Naples Yellow. —Originally found native on 
Mount Vesuvius, it has the composition of lead 
antimonate. It may be prepared by fusing to¬ 
gether tartar emetic, lead nitrate, and common 
salt in the ratio 1:2:4 at 800°o. 

Au reo I i n .—^An unusual pigment, discovered by 
Fischer, having the composition of a double 
nitrite of potassium and cobalt. It possesses no 
advantage over yellow cadmium sulphide and 
is seldom used, 


Antimony Sulphide. —Occurs naturally as 
black Stibnito, SbgSg. The rod form, known as 
antimony vermilion, is produced artificially and 
was introduced by Murdock in 1847. It is pre¬ 
pared by heating together solutions of a soluble 
antimony salt and sodium thiosulphate. On 
reaching 32°o. a yellow precipitate is formed, 
which deepens to scarlet when it is filtered, 
washed, and dried. It is still used as a pig¬ 
ment for rubber. An orange or golden yellow 
of similar composition is known as antimony 
yellow. 

Vermilion, HgS. —Identical in composition 
with mineral Cinnabar HgS and prepared by 
the Chinese many centuries ago, it is made by 
heating together mercury and sulphur in 
crucibles, when the black sulphide first formed 
is sublimed and deposited as red vermilion. It 
is now made by agitating mercury with sodium 
sulphide solution in the presence of alkali under 
controlled conditions. Before the advent of 
aniline dyes, vermilion was prized for its bright 
colour and durability, and is still used by artists. 
Its chief use now is in rubber {see B.8. 320-1938). 

Red Lead, Pb 304 , is produced by the con¬ 
trolled oxidation of metallic lead, which is 
carried out in two stages. First, the load is 
oxidised at low temperature (350-400°c.) in a 
“ dressing ” oven, whereby massicot, PbO, is 
formed. This is ground in water to remove 
metallic lead, washed, and dried, and again 
oxidised at a somewhat higher temperature 
(ca. 450^0.) in a “ colouring ” oven, during 
which it is continually stirred, mechanically or 
by hand. As the difference between the tem¬ 
perature of formation and of decomposition of 
PbgO^ is only 50°c. and the physical condition 
of the massicot largely determines the rate of 
oxidation, considerable care is required. Red 
lead is a very heavy pigment {p 8*8-9T) of con¬ 
siderable opacity. It is seldom used for its 
colour, but chiefly on account of its excellent 
anti-corrosion properties as a priming paint 
next to bare steel. Unless low in litharge con¬ 
tent, paints made with it will set like cement 
in a few days, and a non-setting grade is always 
used, for which the minimum content of 93T5% 
as Pb 304 is specified in British Standard 217- 
1936. The ordinary quahty contains 72% of 
Pb 304 and can be used provided the paint is 
used at once. The jointing quality, high in 
litharge to enable it to set quickly, contains 
43-72% of Pb, 04 . 

Orange Lead ,—This is a special form of red 
lead made by calcination of white lead. It is 
paler, brighter, and of higher oil absorption than 
ordinary red lead and of much lower density 
(6-95). It is used in preference to red lead by 
the printing-ink industry. * 

Blue Pigments. 

Ultramarine Blue. —^This was obtained 
originally by grinding of the precious stone lapis 
lazuli, a complex silicate of aluminium and 
sodium containing sulphur and crystallising in 
the cubic system, which is isomorphous with 
hauyne, nosean, and sodalite. Since 1831 it has 
been prepared chemically by the fusing of china 
clay, soda ash, and sulphur or sodium sulphate 
together with a reducing substance such as 
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carbon or rosin. The colour is largely dependent 
on the silica-ttluraina ratio. The fusion opera¬ 
tion occupies 5 days, and the pots are allowed 
•to cool in the furnace over some 25 days. They 
are then opened and the contents ground in 
water and levigated in shallow tanks until a 
range of shades, differing essentially in particle 
size, is obtained. The paler shades are finer and 
of better opacity. Ultramarine varies in shade 
from pale greenish-blue to violet, the latter being 
of poor strength and oimcity. Ultramarine blue 
is extensively used in laundry work, in the sur¬ 
facing of paper, and as a pigment in paints. It 
is definitely hydrophilic arnl is the ideal blue for 
water paints and distempers. It is used in oils, 
but is difficult to disperse. It is fast to light 
and heat but not very weather-resistant. It 
resists alkalis but is completely decomposed and 
decolorised by acids, with evolution of hydrogen 
sulphide. Part of the sulphur is present as such 
and can be extracted by benzene or carbon di¬ 
sulphide (J. Oil Col. Chem. Assoc. 1912, 2, 121; 
1925, 8, 202). Idtramarino free from uncom¬ 
bined sulphur is obtainable for printing ink 
where copper jjlatos are used. 

Many other shades of ultramarine have been 
obtained but few of these are made commercially. 
B.S. 314--1938 covers ultramarine. 

Cobalt Blue. —Cobalt blue or Thenard's blue 
was introduced by Thcnard and Proust towards 
the end of the eighteenth century. It is pre¬ 
pared by prcciipitation of a cobalt salt with alum 
and sodium carbonate or with sodium phosphate, 
followed by calcination. It is a brilliant blue, 
very pure in tone, with a slight violet cast. It 
is nearly transparent in oil, inert, and fast to 
light, heat, acids, and alkalis. It is extremely 
light and of fine texture and is unequalled for 
use in stoving enamels. 

Smalt is really a cobalt glass prepared by 
fusing silica, potash, and cobalt. It has few of 
the advantages of cobalt blue and is seldom used 
now. 

Cerulean Blue is a variety of cobalt blue in 
which the alumina is replaced by tin. 

Copper Blues. —Mountain blue or azurite^ 
2 CuC 03 ,Cu( 0 H) 2 , Brem,en blue, prepared by 
corroding copper with a mixture of common salt 
and copper sulphate, and blue verditer, obtained 
by precipitating copper sulphate with calcium 
chloride and treating with lime, are only of 
historical interest. Egyptian blue is of interest 
as possibly one of the earliest pigments to be 
prepared chemically. It was made by the 
Egyptians some 3,000 years ago, and is a 
crystalline silicate of copper prepared by calcina¬ 
tion. It was known to the Romans as Gaeruleum 
(Laurie, Proc. Roy. Soc. 1914, A, 89, 418). 

Prussian Blue. —The discovery of Prussian 
blue is credited to Diesbach, of Berlin, in 1704, 
who obtained it by treating calcined blood with 
green copperas. The first published account of 
it is by Woodward (Phil. Trans. 1724). It is 
formed by the precipitation of ferrocyanides 
with ferric salts, or by the interaction of ferri- 
cyanides with ferrous salts. It is, however, 
generally manufactured by first forming the 
white ferrous ferrocyanide and then oxidising 
this to the ferric compound. In this way better 
control of the oxidation process can be obtained, 


and of the particle size, wliich in turn determines 
the tone and bronziness of the product. It is 
known by a variety of names, which are not 
entirely synonymous. Chinese or Milori blue 
should be free from bronze and of a clean greenish 
undertone. Prussian blue is non-bronzing but 
of a reddish undertone. Bronze blue, as the 
name implies, has a copper-bronze top-tone, duo 
to a colloidal condition of the blue resulting in 
interference effects, especially when viewed at 
an oblique angle. Steel blues are light in shade 
and very fine. in texture. Gas blues are of 
inferior quality, manufactured direct from gas 
liquors instead of the crystallised ferrocyanide. 
The composition is usually described as ferric 
ferrocyanide, but potassium or sodium are also 
present, so that blues are commercially described 
as potash, soda, or ammonium blues. For the 
preparation of greens in conjunction with 
chromes a non-bronzing blue should be used. 
Bronze blues are used primarily for printing inks. 

The method of manufacture ootisists first in 
preparing solutions of about 6-10% concentra¬ 
tion of ferrous sulphate and sodium or potassium 
ferrocyanide. The latter is run into the former, 
a slight excess of ferrous sulphate being main¬ 
tained and the solution being kept acid. The 
white or pale blue precipitate of ferrous ferro¬ 
cyanide is flocculent and readdy washed. The 
oxidation agtmt is then run in and the whole 
brought to the boiling-point until oxidation is 
complete. Potassium chlorate is the most 
rehable oxidising agent, but potassium di¬ 
chromate, chlorine, or sodium hypochlorite may 
bo used. Oxidation by means of air is too slow 
and tends to disperse the blue so finely that 
difficulty in filtering occurs. Excess of oxidising 
agent must bo avoided, as apart from producing 
an inferior blue, such blues are liable to spon¬ 
taneous combustion during drying or grinding. 
The fully oxidised blue is then dropped into a 
large bulk of water, washed several times by 
decantation, and after decanting the last wash 
liquors, filtered and dried. 

Prussian blue is unattacked by acids, but is 
extremely sensitive to alkalis. This is very im¬ 
portant wffien using it in very pale greens; the 
slightest trace of alkalinity will then lead to 
distinct yellowing of the finish. Alumina 
hydrate is often present, being deliberately 
added to improve flocculation and yield a softer 
blue. Properly prepared it is extremely fine 
and light, although minor differences in pro¬ 
cessing can easily lead to a harsh gritty product. 
The particle size is 1 /x. or below, a substantial 
proportion of particles being colloidal. It 
possesses very high tinctorial strength and is 
usually ground several times in oil to bring out 
its full strength. It has a very high oil absorp¬ 
tion, 75-10S%. Except in printing, it is 
generally used with other pigments, e,g,, whites, 
as it is so deep as to appear almost black. It is 
fast to light {see B.S. 283). 

Soluble Blue .—Prussian blue is soluble in ex¬ 
cess sodium ferrocyanide or oxalic acid, and 
soluble blues are made in this way. Ordinary 
writing ink used to be of this typo, but of recent 
years the use of blue dyes has almost ousted the 
old-fashioned ink. 

Brunatvick Blue is a reduced quality of Prussian 
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blue, containing much barytes. Cehatial blue 
is a stiU paler reduced blue. Antwerp blue is a 
mixed iron-zinc ferrocyanide blue. 

Gbeen Pigments. 

Chrome and Brunswick Greens.— 
Chrome greens are made from lead chromes and 
Prussian blue only, whereas Brunswick greens 
are further reduced with barytes or other ex¬ 
tenders. Chromium oxide greens are quite 
different in every respect, and care should be 
taken to differentiate between chrome green and 
chromium oxide green. 

Chrome greens provide a very wide range of 
shades. I'he palest greens are made from 
Prussian blue and primrose chromes- The 
middle and deep greens are usually made from 
lemon chromes, as the slightest trace of orange 
tends to produce bronze or quaker greens. For 
these, the deliberate addition of a trace of red 
oxide of iron or orange chrome, possibly with a 
trace of black, is resorted to. 

The great difl’erence in density between lead 
chrome (p 6-9) and Prussian blue (p 1-95), as 
well the very marked difference in particle 
size, leads to trouble termed “ floating,” 
whereby the blue floats to the top of the film 
during the drying of paints. This can be seen 
by drawing the finger across a film of green paint 
before it is dry, when a lighter strip will be left, 
which will gradually deepen provided the paint 
is not already almost dry. To avoid this trouble 
the utmost care must be taken to ensure thorough 
dispersion of the blue throughout the chrome, 
and complete wotting and dispersion of both 
pigments by the oil. Certain defects in the 
striking of greens tend towards “ floating ” and 
precautions are taken to avoid these as far as 
possible. Chrome and Brunswick greens are 
now mostly produced by dry grinding of chrome 
and blue. There still persists a prejudice against 
such greens and whore a co-precipitated product 
is demanded the recommended procedure is to 
use only freshly struck blue, which is oxidised 
and washed, and the wash liquors decanted. 
The lead-salt solution is then added to the blue, 
when some adsorption of lead on the blue occurs, 
and prevents colloidal dispersion of the blue. 
The chromate solution is then run in and the 
mixture stirred for some hours before washing 
(see details of making chromes and Prussian 
blues separately). Excessive washing is to be 
avoided, but the presence of soluble salts is 
undesirable. As already mentioned under 
Prussian blue, only non-bronzing blues of 
greenish undertone should be used for the 
making of greens. Even the best greens wiU 
float when imperfectly ground in oils or var¬ 
nishes, or when media of poor wetting character¬ 
istics are employed, and sometimes it is desirable 
to incorporate wetting agents in the media to be 
used. 

Chrome greens are very fast to light and have 
excellent weathering properties. Under some 
circumstances the blue may be destroyed first 
(e.gr., by traces of alkali) in which case the green 
becomes yellower with age—this generally 
applies to the paler shades. Under other con¬ 
ditions the chrome may be decomposed, resulting 
in a bluer or blacker effect with age—this often 


occurs with deep greens. They are, however, 
extensively used both for exterior and interior 
work and give excellent service. Occasionally a 
green paint will bleach in the tin—such paints 
may appear quite yellowish on opening, but 
when brushed out dry back to their correct 
shade. This defect is due to reduction of the 
blue to the white ferrous ferrocyanide, which is 
readily oxidised in air. It may be due to traces 
of acid left in the blue or soldoring fluid in the 
tin reacting with the metallic container and 
generating enough nascent hydrogen to reduce 
the blue. 

Chrome greens are generally supplied in 
three shades, light, middle, and deep (Shades 
No. 25/26-27, British Standard 381-1930). 
Brighter and lighter shades such as Brilliant 
Green No. 21, Grass Green, No. 18, Sea Green 
No. 17, and Eau de Nil No. 16 can be made 
from the above by the addition of suitable 
white pigments. The bronze greens and quaker 
greens require the addition of rod oxide of iron 
or orange chrome. Brunswick greens are obtain¬ 
able in the same wide range of shades as chrome 
greens. Owing to the great strength of chrome 
greens it is not necessary to employ them at full 
strength in'all cases, and the durability of good 
quality Brunswick greens is quite satisfactory. 
The cheapest qualities are, however, often so far 
reduced as to give inferior service. 

ZIn-c Greens.—Greens made from zinc 
chrome and Prussian blue are knoum as zinc 
greens. They may be obtained pure or leduced 
as mentioned above. They provide a brighter 
range of shades than chrome green, which Is, 
however, more evident in the lighter sJiades, so 
that the range in use is not so wide. They are 
fast to light but do not in general give such good 
service out of doors, nor do they possess the 
same obliterating power as chrome green. 

As zinc chrome is not nearly so heavy as lead 
chrome, the objection to producing these greens 
by dry grinding does not hold, and they are in 
fact mostly prepared by this means. They are, 
of course, of value where for any reason the use 
of lead is prohibited, e.g^., in spraying of paints, 
etc. They are alkali-sensitive owing to the 
presence of Prussian blue. 

Chromium Oxide Green, CrgOg.—Chro¬ 
mium oxide may bo prepared by igniting 
ammonium or sodium dichromate, either alone 
or admixed with reducing agents, throwing into 
water and grinding, washing, filtering, and 
finally drying at high.temporature to remove any 
water. Alternatively chrome alum or chromium 
salts may be precipitated with alkali and the 
precipitated hydrated chromic oxide washed 
and ignited. The product is substantially 
chromic oxide, Cr^Og, and as such it is resistant 
to heat, light, acids, and alkalis, and finds ex¬ 
tensive use in the ceramic industry. It possesses 
a pleasing pastel shade unobtainable with any 
other pigment and is used in storing finishes, 
e.g., for electric fires. It has good opacity when 
used alone, but its tinctorial strength is poor, 
so that it is not much used for the production of 
tints. In distempers, however, it is useful as 
it resists lime, but the lime greens (dyestuff) are 
considerably cheaper. It is also used for colour¬ 
ing cement and in rubbei[ as it is quite un- 
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affected by sulphur (see B.S. 318-1938, included | 
in B.S. 303-1938). j 

Viridian or Guignet’s Green. —Discovered 
by Guignet in 1859, this is a hydrated oxide of 
chromium Cr 203 , 2 H 20 , prepared by fusing 
together potassium di chromate and boric acid 
and throwing the mass into water. It is a much 
deeper green than chromium oxide, being 
almost transparent in oil. 

Emerald Green. —Known also as Schwein- 
furt or Paris green, emerald green is an aceto- 
arsenite of copper of the approximate com¬ 
position 7 Cu 0 Ac 2 , 3 CuAs 204 . It possesses a 
delightfully clean and brilliant green colour un¬ 
obtainable in any other way, and in spite of its 
poisonous nature is still occasionally used in 
paints. It also has considerable use as an in¬ 
secticide. The pigment has good opacity but 
weak tinctorial strength. 

Scheeles Green is copper arsenite. 

Rinmann’s Green is a zinc-cobalt green 
analogous to cobalt blue. 

Copper Greens. —Malachite is a basic copper 
carbonate, formerly used as a green pigment. 
It should be clearly differentiated from Mala¬ 
chite Green, which is a basic dyestuff’. Green 
verditer is a precipitated basic copper carbonate, 
no longer used. 

Verdigris is the basic acetate of copper pro¬ 
duced by the corrosion of cojjper in the presence 
of acetic acid. Its only use now is in anti¬ 
fouling paints. 

Green Earth is a natural earth obtained 
from the neighbourhood of Verona, containing 
Glauconite, to which it owes its slight greenish 
colour. It is valueless as a pigment, but is used 
as a base on which to adsorb green basic dyes, 
notably lime greens (see White and Green 
Earths under Extenders, p. 629a; see also under 
China Clay, p. 631ft, and Lakes from Basic Dye¬ 
stuffs, p. 645d). 

Black Pioments. 

With the exception of black oxides of iron and 
ilmenite black, almost all the black pigments 
owe their pigmentary properties to carbon. In 
the industry the term “ carbon black ” is reserved 
for one type of carbonaceous black, viz. that 
which is derived from natural gas of petroleum 
origin. In order to avoid confusion this may 
be termed gas black, but such a description is 
by no means generally accepted or adopted. 

Lamp or Vegetable Black (v. Vol. II, 312a). 
—This pigment has been used for centuries, since 
long before the exploitation of potroletim, and 
was the purest form of carbon then available as 
a pigment. It was originaUy prepared by burn¬ 
ing vegetable oil (rape or colza) by means of 
lamps in a limited supply of air and collecting 
the soot so produced. A similar black was pre¬ 
pared in China from China-wood oil or tung oil, 
and was used in the preparation of Chinese or 
Indian ink. The name is now applied to any 
black prepared in this way, and the materials 
used comprise the waste fractious rich in 
naphthalene from the distillation of coal tar, 
together with shale oils, crude mineral oils, and 
petroleum distillates; even fish oils have been 
used in the U.8.A. Eesins produce coarse, 
sticky blacks. The best grades of black are 


obtained in furnaces of moderate size so built 
that the black is virtually calcined at the time 
of deposition and so carries with it little tarry or 
volatile matter. The collecting chambers are 
generally of brick, provided with baffles, so that 
the smoko has to travel several hundred feet 
before being vented to the atmosphere. The oil 
is burned in an iron dish some 4 ft. in diameter 
and 9 in. deep. The black may bo refined by 
heating it in cast iron boxes, in the absence of 
air, in order to destroy any tarry matter and 
expel gaseous impurities, during which a loss 
in weight of 15-20% occurs. 

The best qualities of lamp black are described 
as vegetable black, this being collected farthest 
aw^ay from the combustion end of the plant. 
It is blacker than common lamp black, and 
lower in ash and oily impurities. Neither 
vegetable nor lamp black is suitable for use in 
water paints, as owing to its slightly greasy 
nature it is not easily wet by "water and is liable 
to separate badly. It is extensively used in oil 
paints, where its great strength and opacity 
together with its low density (1*7-1 *8) and 
extreme fineness fill most of the requirements of 
a good pigment. Its colour is not so black as 
is that of gas black, being somewhat grey by 
comparison, and when reduced with opaque 
whites it produces greys of a bluish tint. Jt 
often contains an appreciable amount of oily 
matter, which together with the pronounced 
adsorptive properties of carbon, accounts for 
its tendency to retard the drying of paints. The 
particle size average 0*4 ju. and the oil absorp¬ 
tion is very higff (90-140%). 

Carbon or Gas Black (r. Vol. TI, 312ft).— 
This pigment is of more recent introduction, the 
first factory for its production being erected at 
New Cumberland, U.S.A., in 1872. It is made 
by burning natural petroleum gas in a limited 
supply of air by means of jets. The black so 
produced is condensed on a suitable surface, 
sometimes water cooled, of which a variety 
have been employed: 

1. Steel channels (Channel Process). 

2. Rotating discs. 

3. Fixed plate under which the burners rotate. 

4. Rotating rollers or cylinders. 

i Of these, the first two are most extensively em- 
I ployed. The reactions occurring during the 
! burning of hydrocarbons in a deficiency of air 
I have been studied by Bone (Phil. Trans. 1915, 
; 215, 275), wliilst the qualities of the various 
i natural gases have been reported upon by the 
U.S. Bureau of Mines, Bulletin No.. 192, 1922. 
The percentage recovery of the carbon content 
of the methane and ethane present in the gas is 
I low—only 2*6-3% of theory. 

I Channel Process .—As some 90% of all gas 
I black is made by this process, a brief outline 
I will suffice. The gas is burnt from lava-tipped 
burners, accurately placed beneath steel channels 
which are provided with a reciprocating move- 
I ment of 4r-6 ft. Careful equalisation of gas 
pressure throughout, and accurate control of 
ventilation, are necessary to obtain optimum 
I yield. Scrapers remove the black from the 
channels and drop it into hoppers, from 
it is conveyed mechanically to bolting or sieving 
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machines, and is then packed in paper bags 
containing 12^ lb. each. 

Carbon black is much blacker in self-coloiu’ 
than vegetable black, and of very high staining 
power. When mixed with opaque white to 
form greys, the tint so obtained is brownish. 
The density is 1 *8-2*1 and the oil absorption 
about 150%. The particle size is approaching 
that of colloidal dimensions, viz. 0*1 /x. Owing 
to the enormous surface of such finely divided 
pigment, marked adsorption of gases and mois¬ 
ture occurs. Carbon black is relatively easily 
wetted by water and may be used in distempers. 
It may, in fact, be differentiated from lamp 
black by the fact that merely shaking with water, 
<*arbon black is sufficiently wetted to mix with 
the water, whereas lamp black will not do so. 
When carbon black is mixed with oil, some 
qualities produce a paste which flows smoothly 
whereas others do not. They are termed “ long ” 
and “ short ” flow blacks—“ long ” blacks 
generally contain a large amount of adsorbed 
gases and a correspondingly low carbon content 
and can be converted into “ short ” blacks by 
heat or vacuum treatment. 

Carbon black is extensively used by the 
rubber industry, where its effect on the mechani¬ 
cal properties of rubber is more important than 
its colour. Special grades of very small particle 
size are employed for this purpose, and the 
rubber industry ranks as the largest consumer, 
taking 70% of the total output. Printing inks 
(newsprint) accounts for a further 13% and the 
paint industry 10%. 

Thermatomic Black. —This^is produced by 
the cracking or pyrolysis of natural gases under 
pressure, by w hich method considerable economy 
is claimed, yields up to 30% of the carbon present 
in the gases being obtained. Thermatomic 
black is considerably more bulky than ordinary 
gas black, has a still higher oil absorption, and 
possesses a particle size of about 0*1 p. It is 
chiefly used for rubber manufacture and is 
somewhat grey in colour. When reduced with 
whites it produces bluish-grey tints. 

Acetylene Black. —This is produced from 
waste calcium carbide at 8hawinigan Falls, 
U.S.A. The carbide is treated with water to 
produce acetylene, which is then exploded in a 
deficiency of air. As acetylene oxidises exo¬ 
thermically, relatively little heat is required 
and pressures of 60-100 lb. per sq. in. are em¬ 
ployed. Acetylene black is inferior to gas black 
in colour and strength, reductions with white 
pigments being bluish-grey in tint. 

Comparative Analysis of Various 
Blacks. • 
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Bone or Ivory Black. —Ivory black was 
originally made by the dry distillation of waste 
ivory chips. It is now regarded as synonymous 
with bone black. The bones are first degreased, 
and then boiled to extract the gelatin, after 
which the bones are submitted to destructive 
distillation in closed retorts. The residue con¬ 
tains much calcium phosphate, on which is 
deposited carbon in a very fine state of division. 
Far from being a low-grade product, it is in fact 
the blackest of blacks, and is 2 >rizod for the 
purity of its tone. Owing to the high content 
of ash, often as high as 80%, the low carbon 
content results in low tinctorial strength, and 
these blacks arc accordingly not used to produce 
tints by admixture with wdiito. Their principal 
use is in the production of dead-black matt 
finishes, such as wore used in old-time carriage 
decoration. Over this a black japan was ajqilied, 
followed by two or more coats of varnish. In 
this way a depth of tone was obtained, which 
is absent from modem finishes. Bone black is 
used for black finishes, whore a really bhu;k 
colour is desired. It has a mucdi higher density 
than the blacks jjreviously described, ranging 
from 2*6 to 2*8. By treating bone black with 
hydrochloric ac id most of the calcium 2 )hosphat 0 
may be dissolved, when a very fine intense black 
remains. This is used in making the best grades 
of plate inks. 

The bulk of the bone black made is used fur 
the purification of molasses and for decolorisa- 
tion generally. 

Drop Black. —Originally, bone black used 
to bo moistened with a little glue or gum and 
jwessed through a perforated plate before drying. 
The separate j^ellets were considered i)roof of 
genuineness and freedom from adulteration with 
soot or other black. Although the practice has 
been abandoned the name persists and is used 
synonymously with bone or ivory black. Ac¬ 
cording to Wilkins (Oil and Col. Trades J. 1924, 
1165) much of the bone or drop black used as 
pigment consists of spout animal charcoal used 
in decolorising molasses. It was ground and 
washed, and it was this material, which when 
pressed through perforated traj^s to form 
“ drops,” was sold as drop black. 

Graphite {v. Vol. II, 313d).—Deposits of 
plumbago or black load occur in Cumberland, 
where they are used in the making of lead pencils. 
Similar deposits occur elsewhere, presumably 
from the action of terrestrial pressure and heat 
on organic deposits rich in carbon. Graphite is 
a form of carbon, crystallising in the hexagonal 
system, characterised by perfect cleavage 
parallel to the basal pinacoid. It occurs in 
fisures in Ceylon, Irkutsk, and Borrodale, as 
bedded lenticular masses in gneiss in Canada, 
and as disseminations through country rock in 
the neighbourhood of veins in Germany, 
Austria, U.S.A., and elsewhere. 

It is the nearest approximation to diamond in 
composition, yet it is extremely soft by com¬ 
parison and possesses a greasy feel. It makes an 
excellent lubricant and is also capable of taking 
a pronounced polish. As a pigment, it is used in 
cpnjunction with carbonaceous blacks to make 
graphite paints, used principally on metal 
chimney and other surfaces required to with- 
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stand great heat. Its water repellant properties 
probably account for its vogue as an anti¬ 
corrosion pigment, graphite in contact with steel 
generally acting as a stimulator of corrosion. 
Graphite is now manufactured from anthracite 
by heating in an electric furnace, and is ex¬ 
tensively used for the making of crucibles, 
electrodes, lead pencils, and as a solid lubricant. 
It has only a limited application as a j)igmont. 

M ineral Blacks. —A number of deposits of 
carbonaceous earths are worked, some of which 
ha^'e a limited use as pigments. The best known 
in this country occurs at Bideford, Devonshire, 
where a seam about 2 ft. in thickness outcrops 
near the river. Thf3 best grade contains as much 
as 60% of carbon, the lower grades being used as 
fillers, etc. 

Comparative Data for High-ash Blacks. 
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Black Oxides of Iron.—Micaceous iron ore, 
and magnetic oxide of iron, Fe 304 , are 
both used to a limited extent as black pigments. 
They may with advantage be used in conjunc¬ 
tion with carbon black or graphite where the 
latter is liable to burn away, as on exhaust 
manifolds, fire grates, etc. {see Oxides of Iron, 
p. 633(i). 

Ilmenite Black. —Ilinenite or titaniferous 
iron ore, FeTiOg, was introduced by J. W. 
Jtyland of Birmingham in 1865 and has a limited 
use as a pigment. It is not so heavy as oxide of 
iron and is free fr(mi any tendency to “ float ” 
like carbon blacks. 

Cobalt Black, CoO, is used in the pottery 
industry but its price is prohibitive for general 
paint use. 

Manganese Dioxide, MnOg, has been used 
as a pigment for colouring cements, but is i?hiefly 
used as a drier. 

Metallic Pigments. 

In the application of gold leaf to an adhesive 
coat of gold-size the gold fulfils the function of 
the pigment but can hardly be described as such, 
although it is perhaps the most efibetive use of 
metal for the purpose of decoration. Metals in 
the form of powder or flakes are used, but with 
the possible ^ exception of aluminium, not j 
extensively. 

Aluminium. —Aluminium powder is manu¬ 
factured from the waste, obtained in the pro¬ 
duction of foil, by further stamping, until it is 
reduced to powder. The metal is coated with 
stearic acid, to prevent the particles adhering 
together, and polished by the action of brushes 
in a revolving cylinder {v, Vol. I, 278c, for further 
details). The product is graded as to lustre and 
fineness, and consists of thin platelets about 
2 microns in thickness and from 60 to 100 
VoL. IX.-~41 


microns in diameter. It has good opacity and 
a distinctive hue, and when suspended in a suit¬ 
able medium the platelets float and become 
orientated parallel to the surface to which they 
are apxfiied. This is termed “ leafing ” ami 
results in a high degree of reflection of light or 
heat and a corresponding low degree of absorp¬ 
tion or radiation. Hence aliiininium paints are 
commonly used on large storage tanks, roofs, 
etc., in order to maintain a more equable tem¬ 
perature within during hot weather, and may 
be used to minimise beat losses on i^iping and 
tanks of hot water heating systems. It is a 
mistake, however, to paint radiators with 
aluminium paint as this reduces the amount of 
radiation—dark matt surfaijes provide greatest 
radiation. Aluminium, generally in association 
with other pigments, is also used in primer coats 
to reduce permeability to moisture. Added to 
shellac solutions or “ knotting,” it is used as a 
scaler coat to prevent the “ bleeding ” of oil- 
soluble stains and dyes through subseciuent 
coats of paint. Aluminium powder can bo 
used in oil varnish, damar or other resinous 
media, cellulose lacquers or even water media. 
The choice of the medium must bo made with 
care, and it is generally recommended that the 
powder be stirred in immediately before use, to 
obtain the brightest results. On keeping, such 
paints gradually dull, although ready mixed 
paints are on the market {see B.8. 388-H),‘}8, 
wliich includes a method of evaluating leafing 
properties (Appendix F)). 

(Jolourod aluminium powders are also avail¬ 
able, in whicli the aluminium has been stained 
or coloured by means of basic dyes fixed by 
suitable agents, usually tannic acid. 

Aluminium paste is now made, in which the 
powder is dispersed in white spirit. SiKdi pastes, 
containing about 60% aluminium powder, may 
be used in place of tlie dry powder in any medium 
with which the white spirit is miscible, and hav^e 
the advantage of reducing the dust problem. 
Further, substitution may be made pound for 
pound, as the paste form is so much more easily 
and effectively dispersed that equal covering is 
obtained. 

Copper Bronze. —Known popularly as “Gold 
Powder,” a whole range of bronze powders of 
various hues and fineness are available. Apart 
from their higher specific gravity, they can bo 
used in just the same way as “ silver ” or 
aluminium powder. In acid media they are 
liable to develop a green colour duo to the 
presence of copper. 

Zinc.—^Zinc powder in the form of a fine grey 
powder containing 98% Zn has been employe* 1 
as an anti-corrosion pigment. The particles are 
not flat and do not leaf like aluminium, settling 
out rather badly. 

Lead. —Lead powder has good anti-coiTosion 
properties, but is even more difficult to keep in 
suspension, and is little used. 

Luminous Pigments. 

Luminescence and fluorescence are treated 
fully elsewhere {v. Vol. VII, 2015, 405; Vol. 
VIII, 20-46) and only brief reference need be 
made here. 
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Fluorescent pigments are those which glow 
only so long as they are subject to illumination 
from some independent source {e.g., an ultra¬ 
violet lamp), whereas phosphorescent pigments 
continue to glow after irradiation has been with¬ 
drawn, the period of after-glow varying widely, 
but amounting to 8 hours or more in some cases. 

Fluorescent pigments may be used for the 
coating of the interior of gas-discharge lamps in 
order to modify the characteristics of the light 
emitted (e.g., daylight lamps) as well as for the 
preparation of signs of various types, which can 
beilluminated by concealed lamps. The following 
are some of the materials so employed : uranium 
salts, cadmium borate or chlorophosphate, cal¬ 
cium or magnesium tungstate, zinc or beryllium 
silicates, etc. 

Phosphorescent pigments are generally com¬ 
posed of the sulphides of zinc or cadmium, to¬ 
gether with the carbonates of the alkaline earths. 
The presence of suitable phosphorogens, 
manganese, copper, or certain of the rare earths 
is desirable, but the exclusion of iron, lead, and 
other inimical impurities is essential. The 
above materials together with sulphur and a 
suitable flux, after heating at 800-1,OOO^c. under 
reducing conditions and cooling rapidly out of 
contact with air, are lightly powdered to produce 
a coarse crypto-crystalline product. The light 
emitted varies from red to violet and depends 
both on the main components and on the phos¬ 
phorogens present, as well as on the care with 
which the whole process is controlled. 

Radioactive pigments containing mesothorium 
or similar materials to the extent of 0*0001% are 
practically self-activating and are commonly 
used on the hands of clocks and instruments 
required to be visible at night. Care in the 
application of such materials is essential, in order 
to prevent operators absorbing radioactive com¬ 
ponents in any way. 

As might be expected, these materials are 
extremely sensitive to moisture and to the 
media used for application. In general, oils and 
oil-vamishes seriously decrease the luminosity, 
solutions of resins or even aqueous media being 
preferred. StiU better results are obtainable by 
dusting the materials on to a tacky film, but 
unless some protection is afforded against mois¬ 
ture and dirt retention, rapid deterioration is 
inevitable. They have also been used success¬ 
fully in conjunction with plastics. 

Lakes ebom Natueal Coloubtno Mattees. 

The number of natural colouring matters used 
in pigments nowadays is very small and are more 
of historical interest than practical importance. 

The two mainly used to-day are 'Carmine from 
the cochineal insect, Coccus cactif v, Vol. Ill, 226, 
and Logwood lake from the vegetable colouring 
matter of the wood of the Logwood and Cam- 
peachy trees (v. Vol. VII, 378a). The latter is 
also used extensively in the textile industry. 

Others that may be used occasionally are 
Dutch Pink (actually yellow) from quercitron 
bark, Rose Madder from the natural madder 
root (e, Vol. VII, 435d) and Sepia from the ink 
bag of the cuttle fish, they all having a small use 
in artists* palettes. 


Carmine (v, Vol. Ill, 226d) is the aluminium 
salt of carminic acid obtained by boiling the 
cochineal insect with water and throwing out the 
insoluble lake by the addition of solution of 
alum. It is used in foodstuffs, cosmetics, and 
particularly the colouring of tooth-paste and 
dental plates. It is impossible at present, with 
lakes from coal-tar dyestuffs, efficiently to dis¬ 
place it. Carmine is insoluble in water but dis¬ 
solves to a bright crimson in ammonia. 

Logwood Lakes (Vol. IV, 126a; VII, 378a). 
—Logwood extract is generally used rather than 
the logwood chips previously available. The 
extract is dissolved in water and the colour 
developed in the presence of chromium and iron 
by boiling with an oxidising agent, usually potas¬ 
sium dichromate on a base of aluminium hydr¬ 
oxide. It yields purple to black lakes, the 
blacks being prized for their depth of blackness, 
making pigments such as gas-carbon black and 
bone black look grey by comparison. The lakes 
have fairly good fastness to light but poor 
opacity and staining power (“ The Chemistry of 
Natural Colouring Matters,” F. Meyer, trans. by 
A. H. Cook, Reinhold Publishing Corp., New 
York, 1943). 

Chemically Prepared Pigment and Lake 
COLOUR wS. 

The definition of a lake given earlier does not 
separate very easily any specific group of pig¬ 
ments formed from coal-tar dyestuffs and inter¬ 
mediates, consequently the divisions in this 
article have been made by the method of 
manufacturing the insoluble pigment or lake. 
The reader will be referred as far as possible by 
cross reference in the Dictionary when specific 
dyestuffs or groups are discussed. The division, 
although not scientific, simplifies the grouping 
of dyestuffs and intermediates chiefly used by the 
pigment manufacturer as, of the many available, 
relatively few are satisfactory for lakes and pig¬ 
ments, the bulk being used in dyeing. 

Properties of Lakes and Pigment Dye¬ 
stuffs.—In the inorganic pigments, properties 
such as light fastness, oil solubility, acid, alkali, 
and heat resistance are common to the specific 
pigment, and although slight variations may 
occur due to the method of manufacture (such 
as lightfastnesB of lead chrome) the variation is 
within fairly narrow limits. This does not apply 
to the organic colouring ^materials, as it is 
possible by modifying the process of preparing 
the insoluble lake or pigment to alter consider¬ 
ably such properties as shade, lightfastnoss, oil, 
and water solubility. As an illustration. Methyl 
Violet (a water soluble basic dyestuff, C.1.680) 
can be laked by precipitation with tannic acid, 
oleic acid, benzoic acid, and the complex acids 
phosphomolybdic and phosphotungstic, and the 
properties of the vanous lakes are modified 
considerably, 

Lightfastneas ,—^It is extremely difficult to 
make comparisons of this property, and the one 
in general use to-day “ Comparison with Madder 
Lake,** although reasonably satisfactory, leaves 
much to be desired. There are a number of 
factors that influence the light fastness, such as 
the medium in which the pigment is exposed. 
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the strength of the pigment and the amount 
present per unit area, the composition of the 
other materials in the mix, humidity, and quality 
of atmosphere, etc. For this article the fastness 
of Madder Lake is taken as 10, and comparisons 
made ^against that figure (K. Mackenzie- 
Richards, J. Oil Col. Chem. Assoc. 1944, 3). 

Fastness to Oil. —Some lakes and pigment dye¬ 
stuffs are completely insoluble in drying oils, 
whilst others bleed very slightly and some bleed 
quite badly. If a film containing a pigment 
that bleeds is overcoated or lined with a white 
there is a danger that the white will be coloured 
by the bleed. Acidity of media, type of resin 
and solvent used all affect this property. In the 
charts following, fastness to solvents, water, 
alkali, and heat are given but they are mostly 
comparative and should be accepted with 
caution, i.c., fastness to alkali would be the 
ability of the pigment to withstand the free lime 
in a plaster, and does not refer to caustic alkali 
(H. Jones, “ Organic Colours for Rubber,” J. 
Oil Col. Chem. Assoc. 1940, 244). 

Variation in Shade arul Strength of Dyestuff .— 
Very often the dyestuff manufacturer markets a 
range of shades and strengths in one dyestuff. 
The strength is indicated by figures such as 
Tartrazine 200 which means that it is 200% or 
double the strength of the original standard and 
the shade or tone is indicated by various initials, 
showing, in the case of a green or red, blueness or 
yellowness. T’nfortunately, particularly in the 
case of strength, there is little relationship 
between the various manufacturers’ figures, and 
the lake maker generally standardises l)efore 
laking. 

Division According to Manufacturing 

Process. 

A. Pigment Dyestuffs. —From colourless inter¬ 
mediates requiring diazotisation and coup¬ 
ling (r. Vol. IV, 234). 

1. Those forming complete pigments in 

themselves and require no further 
processing other than, if necessary, 
reducing with an extender. 

2. Those consisting of insoluble or sparingly 

soluble acid dyestuffs, usually in the 
form of their sodium salt, and re¬ 
quiring further processing with a 
metallic salt to convert them into 
lakes. j 

B. Lakes from Acid Dyestuffs {v. Vol. IV, 203). j 
—The primary colouring matters of this | 
group are soluble dyestuffs containing salt-1 
forming groups (sulphonic or carboxylic) and j 
are converted into insoluble lakes by precipi- j 
tation with metallic salts, often requiring 
a base or substratum to complete precipita-1 
tion. Where h base is not present they can ! 
be termed “ toner lakes.” 

C. Lakes from Basic Dyestuffs, — ^The primary 
colouring matters are soluble dyestuffs con¬ 
taining salt-forming groups (usually amino) 

, that are converted into lakes by a certain 
acid—many requiring a base or substratum 
for complete precipitation. Where a base is 
not present they can be called ** toner lakes,’* 


D, Derivatives of Anthraquinone{v. Vol. I, 387).— 
In this division the mordant and vat dye¬ 
stuffs will be considered, the sulphonated 
anthraquinonos being dealt with under acid 
dyestuffs. 

Those that do not fall easily under the above 
headings will be considered at the end. 

Lake Bases.—In certain instances it is 
essential to have a base or substratum present 
to obtain complete precipitation of the dyestuff 
aud/or obtain the required pigmentary proper¬ 
ties. A number of the reducing whites already 
discussed are sometimes used, acting as dispersers 
of the precipitated dyestuff, but generally a pre¬ 
cipitated white, such as aluminium hydroxide, is 
used which takes part in the reaction and assists 
precipitation. The whites named below' may be 
present in a lake. 

Aluminium White is usually described as 
Al2(OH)6 but varies in its content of basic 
aluminium sulphate and in its chemical and 
physical properties according to the particular 
method of manufacture. An average formula 
would be 5 parts soda ash dissolved and added 
to 10 parts of aluminium sulphate. Concentra¬ 
tion of solution, temperature of precipitation, 
and a variation in the amount of soda ash all 
contribute their part in the properties of the 
finished base. Potash, soda, and ammonia 
alum can bo substituted for the aluminium sul¬ 
phate, and caustic alkali for the soda ash. 

The following show the various stages of 
precipitation as the soda ash runs into the 
aluminium sulphate: 

Al2(S04)3l8H20+Na2C03+H20 

Al 2 (S 04 )a( 0 H) 2 l-Na 2 S 0 ,j.C 02 
Al 2 (S 04 ) 2 ( 0 H) 2 -f Na^COa+HjO -v 

Al2(S04)(0H)44^ Na 2 S 04 +C 03 
Al 2 (S 04 )( 0 H) 4 +Na 2 C 03 +H 20 -> 

Al2(0H)3-fNa2S044C02 

The formation of basic sulphate is favoured 
by using cold dilute solutions. After precipita¬ 
tion the base is washed and is then ready for 
lake making. 

Alumina Blanc Fixe, Al 2 ( 0 H)g,BaS 04 ,— 
If the aluminium hydroxide as prepared above 
is not washed, but a solution of barium chloride 
added, barium sulphate is precipitated in inti¬ 
mate association with the aluminium hydroxide. 
Advantage of this is often taken when acid dye¬ 
stuffs are to be laked, in which case the dyestuff 
is dissolved and added to the aluminium hydr¬ 
oxide before washing, and sufficient barium 
chloride added to precipitate both the dye as 
the barium salt and the sulphate as barium 
sulphate. 

Satin White is a mixture of calcium aluminate 
and calcium sulphate and used for the prepara¬ 
tion of pulp colours for paper surfacing work. 
It is prepared from calcium hydroxide and 
aluminium sulphate by double decomposition. 

Ala(804)3+6Ca(0H)2-s. 

Ca8Alj0e-f3(CaS04,2H30). 
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Its use is restricted by the fact that many 
barium lakes cannot be precipitated onto it 
owing to reaction taking place between them and 
the calcium sulphate. 

Other precipitated whites used are aluminium 
phosphate, blanc fixe, and to a lesser extent 
aluminium arsenite and aluminium silicate. 

Although certain dyes will precipitate without 
the presence of a base, others require a base. 
There is an optimum amount of clye that will 
precipitate, extra dye often reducing the 
brilliancy and strength of the lake. The average 
lake would contain 10-20% dye but as the dyo> 
stuff itself varies in strength this might vary 
considerably. 

A. Pigment Dyestuffs. Sub-section 1. 
—This group probably contains the most im¬ 
portant members of the organic pigments derived 
from coal-tar intermediates and a wide range of 
shades is available. They are mainly azo pig¬ 
ments where the diazotisation of an amine and 
the coupling wdth other substances, mainly 
phenols and naphthols, produce an insoluble 
pigment dyestuff which, after washing, drying, 
and grinding, can be used without further 
processing. 

For diazotisation and coupling, v. Vol. iV, 
195. 

The nomenclature generally of organic dye¬ 
stuffs and the pigments and lakes made from 
them requires standardising, as most pigment 
manufiicturcrs have their own trade names and 
are not always prepared to divulge the par¬ 
ticular couplings. For the purposes of this 
article the generally accepted name will be 
used and wherever possible the number 
in the colour index given (F. M. Kowc, 
“ Colour Index,” Society of Dyers and Colourists, 
1924). 

The following arc a few of the more important 
pigments falling in this group. I 

No. in 
Colour 
Index. 

69 Helio Fast Scarlet: 3-nitro-4-toluidine 
+jS-naphthol. 

44 Paranitranilino KedYS: 4-nitroaniline 
d-jS-naphthol. 

Paranitraniline Red BS, about 10% of 
the jS-naphthol is substituted by 2- 
naphthol-7-sulphonic acid. 

Permanent Red R; 2-chloro-4-nitro- 
aniline-h j3-naphthol. 

Permanent Red 2G: 2: 4-dinitroaniline 
-f^-naphthol. 

Permanent Red F4RH: 5-chloro-2- 
toluidine-f chlorotoluidido of jS-hy- 
droxynaphthoic acid. 

Hansa Yellow G: 3-nitro-4-toluidine 
-f acetoacetanilido. 

Hansa Yellow 5G: u-nitroaniline-l-aceto- 
aoetanilide. 

Hansa Yellow lOG: p-chloro-o-nitro- 
aniline-h acetoacet-o- chioroanilide. 

Benzidine Yellow: dichlorobenzidine 
-h acetoacetanilido. 
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A. Pigment Dyestuffs. Sub-section 2. —In 
this group, after diazotisation and coupling, the 
sodium salt formed is- insoluble or sparingly 
soluble in water and although often used in this 
condition for i)rinting inks, plastics, and rubber, 
further processing with barium, calcium, 
strontium, or zinc modifies the properties of the 
pigment, particularly the tone and fastness to 
light. 

Considerably increased strength can be ob¬ 
tained by adding, during the laking process, 
suitable dispersive agents, notably rosinates. 
Sodium rosinato can be added to the suspension 
of the sodium salt of the dyestuff and on the' 
addition of calcium chloride the calcium lake of 
the dyestuff is formed together with calcium 
rosinate. It is then boiled to obtain full depth 
of shade, washed and dried. These highly 
dispersed lakes are useful for certain purposes, 
but exhibit thickening properties when used 
with acidic media, and have a tendency to bleed 
more freely than the normal calcium or barium 
salt. 

The following are typical of this group : 

Lithol Red R (C./.189).—2-Naphthylamine-l- 
sulphonic acid-f j3-naphthol. 

Calcium or barium salt generally used, the cal¬ 
cium being bluer and rather duller than the 
barium; for very yellow shades zinc can be 
used, but gives very little advantage over the 
sodium salt used alone. 

Lake Red C (0.1.165).—6-Chloro-3-toluidine-4- 
sulphonic aoid-f-j3-naphthol. 

Barium salt used and known as Bronze Scarlet 
when made in full strength. 

Lithol Rvhim BN or 4B (G.I. 163).—4-Tolui- 
dine-3-sulphonic acid-f )3-hydroxynaphthoio 
acid. 

Laked as barium or calcium salt, the latter being 
known as Lithol rubine BKN or Lithol rubine 
4B toner. 
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B. Lakes from Acid Dyestuffs. —Many 
dyestuffs from various chemical groups fall 
under this heading. Some lilte Pigment Scarlet 
III B. (C.I.21G) and Ponceau Scarlet (C.I.79) are 
azo dyestuffs which after diazotisation and 
coupling are soluble in water. Representatives 
from the pyrazolone, thiazolc, nitroso, xaiithene, 
anthraquinone, and phthalocyanine dyestuff 
groups are also found, their common factor 
being that they are soluble in water and can be 
precipitated by a salt of barium, calcium, or 
aluminium, giving an insoluble compound with 
good pigmentary properties. 

Except in specific instances, such as Eosin 
(Vol. IV, 31G) and the nearly related phloxine, 
erythrosine, and Rose Bengal, the acid dyestuffs 
require a base or substratum to be converted 
into true lakes {see Lake Bases, p. 643c). 
Aluminium white is probably the most common. 
A tartrazine lake can be taken as a typical illus¬ 
tration of the method of manufa<4 ure. The base 
is first made by the addition of soda ash to 
aluminium sulphate and is well washed. The 
dye is then dissolved and added to the base 
followed by a solution of barium chloride. This 
lake, termed a “ lacquer lake ” because of its 
transparency, is used by printing-ink manu¬ 
facturers for tin printing inks. 

Another example is Ponceau S(‘arlet (an acid 
azo dyestuff soluble in water). 

Here the aluminium white is made but not 
washed, and a solution of the dye added; 
sufficient barium chloride is then added to 
precipitate the dye as the barium salt and the 
soluble sulphate as blanc fixe. 

The following are a few dyestuffs commonly 
laked by the above methods; the list indicates 
the varied types of dyestuff for which the above 
methods of laking are suitable. 

No. in Colour 


Index. 

Tartrazine (pyrazolone) .... 640 

Ponceau Scarlet (sulphonated azo dye¬ 
stuff) . 79 

Soluble copper phthalocyanine (sul¬ 
phonated phthalocyanine) ... — 

Alizarine Cyanine (sulphonated an¬ 
thraquinone) (w. Vol. 1,206) . . 1,063 

Alkali Blue (sulphonated triphenyl 
* pararosaline) {v. Vol. I, 2336) . . 704 

Naphthol Green (nitroso) .... 6 

Eosin (tetrabromofluorescein) (v. 

Vol IV, 316). 768 


A special brand of Alkali Blue is made for the 
production of “ Reffex Blue,” a toner lake used 
by printing-ink manufacturers for tinting blacks 
and printing blues with a high sheen. 

The Eosins arc among the few soluble acid 
dyestuffs that will prticipitate completely with¬ 
out the presence of a base. The precipitating 
agent is usually lead nitrate or acetate and the 
“ toner lake ” thus formed is called “ Bronze 
Red.” 

PRonniTiES. 
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An insoluble pigment can be made by precipi¬ 
tating a basic tlycstuff with an acid dyestuff’. 
Only a very few combinations are satisfactory, 
one of the most important being Methylene 
Blue (C.I.922) as the basic dyestuff, and Alizarine 
Cyanine (0.1.1063), as the acid dyestuff. This 
gives an insoluble blue lake with good fastness to 
light, lime, and water. 

C. Lakes from Basic Dyestuffs. —Here 
the soluble dyestuff is precipitated by a weak 
acid and until the advent of the complex acid 
precipitations (phosphotungstic and phospho- 
molybdic) the lakes generally were considered 
to be brilliant but fugitive. The basic dyestuffs 
used in lake making are few in number compared 
with the acid dyestuffs but they are characterised 
by their great strength and brilliancy. The 
following six are the most important and the 
total used for producing lakes would probably 
not be more than fifteen. 

Colour 

Index. 

Methyl ^"iolct—triphenylmethane group 680 
Victoria Blue—^triphenylmethane group 729 
Mala(!hite Green — triphenylmethane 


group.657 

Brilliant Green — triphenylmethane 

group.662 

Auramino—Ketonimine group . . . 665 

Rhodamine—Xaiithene group . . . 749 


They can be laked by the precipitation of the 
dyestuff in the presence of aluminium hydroxide 
or phosphate as: 

tannates, using tannic acid; 
rosinates, using sodium rosinate; 
benzoates, using benzoic acid; 

and other methods such as using Turkey Red 
oil (sulphonated castor oil), silicates, arsenites. 
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etc., and in the absence of a base by the complex- 
acid precipitations. 

The following are formulee for laking the basic 
dyestuffs with different precipitating agents. 
It will be appreciated that considerable variation 
is possible in the method, but the illustrations 
are typical. 

Tannic Acid .—Dissolve 15 parts of soda ash 
and run into 30 parts of aluminium sulphate. 
Wash the aluminium hydroxide so formed 
and add 1 part basic dyestuff as 1% solu¬ 
tion. Then dissolve 1 part tannic acid and 

1 part sodium acetate and add to the above 
slowly with constant stirring. On examina¬ 
tion the dye will bo found to be fixed on the 
base and the lake can be washed and dried 
at a low temperature. 

The sodium acetate is present as a buffer, as the 
dyestuff is usually in the form of its hydro-,, 
chloride and releases hydrochloric acid when 
reacting with the tannic acid. 

Benzoic Acid .—1 part basic dyestuff dissolved 
and added to 7 parts aluminium sulphate. 
Then dissolve 9 parts sodium benzoate and 
add slowly, when the dyestuff will be precipi¬ 
tated on to a base of aluminium benzoate 
precipitated simultaneously. Wash and dry 
at a low temperature. Sodium silicate can 
be substituted for the benzoate. 

Complex Acid .—1 part basic dyestuff dis¬ 
solved and the following solution added: 

2 parts sodium tungstate, 0-5 parts sodium 
molybdate, 0-5 parts sodium acid phosphate. 
After precipitation, raise to boil and wash 
free of soluble salts and dry. 

The basic dyestuff lakes (other than the complex 
acid precipitations) generally have poor fastness 
to bght, are brilliant, and used mainly by 
printing-ink manufacturers for purposes where 
their fugitive character does not matter. 

Considerable increase in fastness to light as 
well as complete precipitation of the dye in the 
absence of a base can be obtained by the use of 
phosphotungstic and phosphomolybdic acid. 
To obtain the maximum strength, fastness to 
light and insolubility in oil, each dyestuff requires 
varying proportions of the complex acids, and 
considerable work has been done on this type of 
precipitation during the past thirty years. 

Oreen-earth Precipitations .—A series of lakes 
can be prepared without further precipitating 
agents by the addition of a solution of the basic 
dye to green earth (terra verte) (v. Vol. VI, 
136). Probably due to the high percentage of 
ferrous silicate in the green earth the dyestuff 
is fixed to the extent of 10%, and the resultant 
lakes, particularly those m^e with Auramine, 
Brilliant Green, and Victoria Blue, make a wide 
range of shades of lime greens used to a large 
extent in the cheaper types of distemper. 

D, Derivatives of Anthraquinone {v. 
Vol. I, 387).—These can conveniently be divided 
into three groups; 

1. Adjective dyestuffs where the colour is 
developed in the presenoe of a mordant. 
Alkarins (v. Vol. I, 203). 


2. Sulphonated and rendered water-soluble 

and dealt with under acid dyestuffs 
(v.Vol. I, 210). 

3. Vat dyestuffs {v. Vol. I, 408). 

Group 1.—The alizarins (hydroxyanthra- 
quinones) are the most important. They are 
generally termed Madder Lakes and in the main 
are the aluminium salts of alizarin. In practice 
it is found that aluminium alone does not give 
altogether satisfactory results and it is necessary 
to have present calcium salts, phosphates, and 
Turkey Red oil (sulphonated castor oil). The 
alizarins, of which a number of shades are avail¬ 
able, are generally sold to the colour maker as a 
20% paste with water. 

The method of manufacture is to make an 
aluminium phosphate-white and, after washing, 
to add the alizarin (either as a paste or dissolved 
in soda ash) together with calcium chloride and 
Turkey Red oil. The suspension is then brought 
slowly to the boil and kept boiling until maxi¬ 
mum brilliancy is obtained. 

The crimson alizarin (mainly l:2-dihydroxy- 
anthraquinone) is the most important, but other 
shades containing varying hydroxyl groupings 
are available as Scarlet, Orange, and Bordeaux. 
The addition of salts of iron, manganese, and 
copper are used to modify the tone. 

The madders are characterised by their good 
fastness to light Jind insolubility in most media, 
but they have poor opacity and are not par¬ 
ticularly strong. 

Group 2,—iSVfi Group B, Lakes from Acid 
Dyestuffs, p. 645a. 

Group 3.—Characteristic of the vat dyestuffs 
is their propeudy of being converted, through the 
action of alkaline re^diicing agents, into soluble 
hydro compounds possessing affinity for veget¬ 
able and Hometimes animal fibre. These 
absorbed hydro-compounds are fixed in the fibre 
by subsequent oxidation, which usually takes 
place on exposure to air, whereby they are 
reconverted to the original insoluble dyes. 

Only a few are satisfactory as pigments, 
Indanthrene Blue (C.I.1115) being a typical 
example. They have not made any groat head¬ 
way for the production of lakes, owing chiefly 
to their very high cost, low staining power, and 
lack of brilliancy, and, although as textile 
colours they are renowned for their extreme, 
fastness to light, they have not shown this 
property in lakes to such a marked extent. 

For the preparation of pigments the dyestuff 
is simply mix^ with the substratum. Although 
it is possible to reduce and then reoxidise in the 
presence of the substratum, giving, of course, 
intimate distribution throughout the base, the 
method is not altogether successful. 

Other Pigment Dyestuffs. —The following 
do not fall easily under any of the foregoing 
groups: 

Nitroso Compounds {see also Naphthol Green, 
an acid dyestuff).—Of the insoluble types, only 
one is of any interest. Pigment Green B. It is 
insoluble when made in oil and water with good 
fastness to light, good strength and excellent 
resistance to lime. 

It is manufactured by the Edition of ferrous 
sulphate to a solution of the bisulphite oompound 
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of l-nitroso-2-naphthol, being related to the acid 
dyestuff N^phthol Green, which is soluble in 
water and dealt with under acid dyestuffs (F. M. 
Rowe, J. Oil Col. Chem. Assoc. 1938,189). 

Aniline Black (Vol. II, 137a).—Produced by 
the oxidation of aniline hydrochloride with 
chlorates or dichromate, copper salts sometimes 
being present (Colour Index 870). 

It has good fastness to light and is insoluble 
in oil and most organic solvents. It has a jet 
black mass tone, a very high oil absorption, 
and poor opacity. 

Phthalocyanines {see this Vol., p. 617c).— 
This group gives to the pigment user some 
excellent greens and blues. At present there 
are four important members : 

1. Copper phthalocyanine . Blue. 

2. Chlorinated copper phtha¬ 

locyanine .... Green. 

3. Metal-free phthalocyanine. Groenish-blue. 

4. Sulphonated copper phthalocyanine (soluble 

in water and dealt with under Group B, 

Lakes from Acid Dyestuffs, p. 645a. 

Characterised by resistance to treatment with 
hot dilute hydrochloric acid or caustic alkali, in¬ 
solubility in organic solvents, excellent resistance 
to heat, and fastness to light, they have found 
an important place in practically all colour¬ 
using industries. Mixed with yellows (lead and 
zinc chrome, Hansa yellow) a fine range of greens 
(An be produced (M. H. Maddick, “ Phthalo- 
cyanino Colouring Matters,” J. Soc. Dyers and 
Col., May, 1946). 
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PIMENTO. The dried full-grown but un¬ 
ripe fruit of Pimenta officinalis Ijindl. (Fam. 
Myrthacese), indigenous to the West Indies, 
though largely cidtivated in Jamaica, whence 
our supplies are derived, and to a lesser extent 
in Central America, The plant is an evergreen 
'tree rising 25-40 ft. in height with an erect 
trunk and a round-topped crown. It bears 
small white flowers with inferior two-ceUed 
ovaries. The sub-globular berries are 4-8 mm. j 
in diameter with four small calyx teeth at the 
apex forming a minute ring. The fruit is 
generally two- but occasionally three- or one- 
celled, and differs in this respect from cloves, in 
which one seed only develops. The fruit is 
gathered while still green, but soon turns purjde 
in the sun and becomes brown and warty on 
drying. The characteristic flavour is due to the 
presence of from 2 to 6% of volatile oil and on 
account of its resemblance to a mixture of clove, 
cinnamon, and nutmeg, pimento is commonly 
called* allspice. The pericarp is woody, brittle, 
and about I mm. thick and contains numerous 
oil glands. The seeds are blackiah-brown in 
colour, plano-convex, and slightly roughened 


and shiny on the outside, and are separated by 
a thin papery layer. Its chief use is as a condi¬ 
ment and to a lesser extent as an aromatic 
stimulant and carminative, but its use in 
medicine is diminishing and it is no longer 
official in the pharmacopoeias. 

Microscopic Appearance .—The chief structural 
components of the ground fruit arc (1) the small 
polygonal cells and stomata of the outer layer 
of the pericarp with short, thick-walled hairs, 
under which are the oil cavities in the par¬ 
enchyma, and (2) the minute starch grains of the 
embryo, mostly in pairs or triplets, but some¬ 
times single, and usually about 8p. and not 
exceeding 12p. in diameter with a distinct 
hilum. Other characteristics are the abundant 
lignified scihlerenchymatous cells of the pericarp, 
the conspicuous port-wine coloured parenchy¬ 
matous cells of the spermoderm, and the ground 
parenchyma of the embryo containing volatile 
oil cells and starch grains. Owing to the dark 
colour it is preferable to extract with alcohol 
and sodium hydroxide before examination. 

Chemical Composition .—The most important 
constituent is the essential oil, which is best 
determined by the method of Cocking and 
Middleton (Quart. J. Pharm. 1935, 8, 435). 
The powdered fruit is mixed with brine, distillecl, 
and the vapours passed through the top of a 
condenser into a graduated tube, in which the 
oil is colle(;ted whilst the condensed water is 
returned to the distillation flask. An air inlet 
and outlet is provided by means of a side tube 
below the condenser, but above the graduated 
tube. As pimento oil is heavier than water a 
small quantity of turpentine oil is distilled with 
water in the apparatus before the spice is added, 
the volume of the turpentine fraetion is read 
and this is subtracted from the Anal volume of 
the oil. Cocking and Middleton found that the 
yield of oil is increased slightly by powdering 
the fruits before distillation, but that the 
powdered drug loses oil on storage. For further 
details of the oil, t?. Vol. VIII, 660d. 

The following table gives the composition of 
pimento fruits, as found by numerous workers 
(Richardson, U.S. Dept. Agr., Div. Chem. 1887, 
Bui. 18, 11, 227; Winton, Ogden, and Mitchell, 
Connecticut Agr. Exp. Sta. Rep. 1898, 184; 
Arragon, Ann. J'alsif. 1915, 8, 345 ; Inland Rev. 
Dept. Canada Bull. 1917, No. 403) and the 
author: 



Max. 

%■ 

Min. 

%. 

Average 

%• 

Water. 

11*3 

5-5 

9*7 

Ash. 

6*2 

3-4 

4*4 

Ash, soluble In water . 

2-7 

2-3 

2*5 

Ash, insoluble in HCI . 

0*1 

00 

0*05 

Essential oil . 

60 

2*0 

4-2 

Fat. 

7*7 

3*7 

6*8 

Starch (diastase) 

3-8 

1*8 

8*0 

Starch, crude. 

22-5 

16*5 

20*0 

Protein. 

6*9 

4*0 

6*8 

Fibre. 

240 

13*4 

22*4 

Tannin, crude 

32*8 

80 

9*7 

Alcohol extract ... 

X4.3 

7*4 

11*8 


W. L. Brown (Georgia Agrio. Exp. Sta. Bull. 
1930, No. 160) foimd that the addition of 
pimento to poultry rations increases the pig- 
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mentation of the shanks, comb, and wattles, the 
effect being more pronounced in cockerels than 
in pullets. L. Ascham (Science, 1933, 77, 351) 
found pimento to contain over 1 unit of vitamin- 
A by the rat tost. 

Standards .—The United States standard for 
allspice provides that the quercitannic acid 
shall not be less than 8%, the ash not more than 
6%, the ash insoluble in hydrochloric acid not 
more than 0*5%, and the crude fibre (which 
should be determined as in pepper) not more 
than 25%. 

Adulteration .—The fruits of other species of 
pimenta are employed as sj)ices in some countries, 
but as practically all that used in Great Britain 
and the United States is obtained from Jamaica 
there is little substitution. Very little of the 
fruit is sold retail in the ground state, so that it 
is rarely, if ever, adulterated in this country, 
but the usual adulterants mav be looked for. 

T. McL. 

PINACOL-PINACOLINE TRANS¬ 
FORMATION {v. Vol. VIII, 1785). 

PINASTRIC ACID (c. Vol. VII, 288d). 

PINCHBECK, Gilding metal. A small group 
of alloys of copper and zinc which contain from 
5 to 20% of zinc. The name Pinchbeck recalls 
the London clockmaker (died 1732) w^ho intro¬ 
duced the alloy, without publishing the com¬ 
position, for making cheap jewellery. The alloys 
resemble gold in colour, work well with tools, 
and can be rolled out into thin sheets and 
stamped into w'atch cases. Old names for the 
alloys were Dutch metal, Mannheim gold (v. 
Vol. VI, 122o), Prince’s metal, but they are now 
known as gilding metal. The golden colour of 
the composition wdth 5% of ziiu' is improved by 
treatment with nitric acid. Tliis alloy is used 
for decorative fittings in buildings. In America, 
four of the alloys have the following special 
names: containing zinc 10%, commercial 

bronze; 15%, red brass; 17%, rich low brass; 
20%, low brass, h'or. further information, see 

H. Carpenter and J. M. Kobertson, “ Metals,” 
London, 1939, II, 1303; American Society for 
Metals, Cleveland, Ohio, 1939. 

J. N. G. 

PINEAPPLE. The fruit of Ananas salivas 
Schult., also classified as Brometla ananas L., 
grown generally in sub-tropical areas of America 
and in Africa. The fleshy parts of the cored 
fruit is eaten raw and large quantities are canned 
for transport. Approximately two-thirds of the 
whole fruit (after removal of leafy crown) is 
edible and of this 90% of the weight consists of 
juice. The waste products of the canning in¬ 
dustry serve as a stock feed. 

The fruit has the following range of percentage 
composition; 



Solids, 

Protein. 

Acids (as 
citric). 

Reducing 

sugars. 

Fresh . 

12*6-16*1 

0* 42-0*60 

08-1*6 

12-9*7 

Canned . 

17 

0*43 

0*35 

9*7 



Sucrose. 

Fibre,' 

Ash. 

Fresh . 

1*7-10*6 

. 017-0*32 

0*4-0* 7 

Canned 

6*2 

1 

1 0*4 


Kayser (Z. oifontl. Chem. 1909, 15, 187) gives 
the following data for freshly pressed juice: 
solids 16*72, citric acid 0*63, invert sugar 4*0, 
sucrose 8*6 g. per 100 c.c. ■ 

The fruit contains approximately 1% of 
mannitol. The principal acid present is citric 
and according to Nelson (J. Amcr. Chem. Soc. 
1925, 47, 1177) this is accompanied by about 
13% of Z-malic acid. The colour of the fruit is 
due largely to carotene (1-5-2-5 mg. per kg.) Avith 
small amounts of xanthophyll. 

Ash analyses (percentage of fresh edible fruit) 
include: KgO 0*24, CaO 0*04, MgO 0*02, 
P2O5 0*03, SOg 0*002, Cl 0*1. Iron 3*2, copper 
0*7, zinc 2*6, and arsenic 0*08 mg. per kg. of 
fruit are also reported. 

Among reported vitamin assays of pineapples 
the following are noted: vitamin-A 100-200 

I.U., thiamin 30-90 pg., and ascorbic acid 
19-GO mg. per 100 g. vSamples of canned fruit 
contain 7-18 and of pressed juice 31*75 mg. of 
ascorbic acid per 100 g. 

A. G. Po. 

PINENES. Occur very widely distributed 
in nature. Form the main constituent of 
American and French oils of turpentine. 

a-Pmeve^ 


CMe 

HCv CH 

I ^CMej I 

H^C I CHj 


m.p. -50°, b.p. 156°/760 mm., p” 0-8620, 
1*4650, [tt% -f 51*14°, —51*28°, dX-nitrosocMoride^ 
m.p. 103°, S- and L, m.p. 81-81*5°. 
p-Pinene, 


C:CHo 



CH 


r’in 

1 / 


a 

2 


CH 


b.p. 164-166°, pH 0*8654, 1*4739, [a]^, 

+ 28*59°, -22*44°. 

J. L. S. 


PINOCAMPHEOL, 


CHMe 

HC^ ^CH OH 

I ^CMe^ I 

HoC I CH„ 


m.p. 56-57°, p20 0*9501, 1*4888, -45*63°. 

Occurs in oil of hyssop. Stereoisomorio forms 
of the alcohol have been described by Sohmidt 
and Schultz (Schimmels Kept. 1934, 97; Ber. 
1944, 77 [B], 544). 


,T. L. S. 
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PINOCAMPHONE, 

CHMe 

/ \ 

HCs^ CO 

'"CMez ’ 


HX 


CH^ 


CH 


b.p. 212-2137765 mm., 0*9662, 1*4742, 

[ajj, —13*42°; a-semicarhazone, m.p. 228-229°; 
jS-, m.p. 182-183°. Occurs in oil of hyssop. 
Storeoisomcric forms of the ketone have been 
described by Schmidt and Schulz (S(‘himmcl8 
Kept. 1934,'97 ; Ber. 1944, 77 [B], 544). 

J. L. S. 


PINOCARVEOL, 


C.CH 


HC. CHaH 

I I 

I CH, 
'^CH 


The fran-.s-hevorotatory alcohol, CjqHj^O, oc¬ 
curs in llie oil from Eucalyptus globulus grown 
in Spain, m.p. 5°, b.p. 209-210°/760 mm., p^o 
0*98!, 1*5005, —72°, hydrogen phlhalate^ 

m.p. 116-117°, phcnylurethane, m.p. 88-90°, 
hydrate, m.p. 190-191°. The ds-alcohol has 
m.p. 51°, b.p. 217-2]8°/760 mm., pgo 1*004, nf,'' 
1*5056, [‘a]|) -} 55° (in alcohol), p-nitrohenzoatc„ 
m.p. 104° (Schmidt, Ber. 1944, 77 [B], 107). 

J. L. S. 

PINOCARVONE, 

CXHo 

HCC CO 

I '' CMe, I 

H,C I CH, 


The ketone, pinocarvone, CnjH^^O, b.p. 94- 
96712 mm., p^^ 0*9875, 1*4949, [a]i, -68*3°, 
oxime, m.p. 131°, occurs in the oil from Euca¬ 
lyptus globulus grown in Spain. It is identical 
with the ketone, carvopinone. 

J. L. S. 

PIOURY, PIURI, PURREE {v. Indian 
Yellow, Vol. VI, 4246). 

PIPERITOL, 

CMe 

/V 

H,C CH 

I I 

HjC CHOH 

^cli^CHMe, 

d-, b.p. lf.6-170'’/200 mm., 0-911, 1-474, 

[a]j) 46*6°. Occurs in an oil from an un¬ 
identified species of Andropogon growing in the 
United Provinces, India. Z-, b.p. fe-9C°/10 mm., 
p22 0*9230, 1*476, [a]^, -34*1°. Occurs in 

eucalyptus oils. 

J. L. S, 


PIPERITONE, 


CMe 

'Sh 

s / 

CH-CHMe 


d; b.p. 116-118-5'’/20 mm., pf 0-9,‘i44, 
1*4848, [ajj, 62*5°. Occurs in the oil from 
Andr^^ogon jwarancusa. 1-, m.p. —29°, b.p. 
232-5-234-7°, p-'> 0-9330, 1-4845, Me -07-8°. 

Occurs in the oil from Eucalyptus dives, a- 
Semicarbazone, m.p. 224-226°, P-, m.p. 174- 
176°, a-oxime,m.p. 118-119°,’jS-, m.p. 88-89°, 
a-hydroxylami no-oxime, m.p. 176°, p-, m.p. 
185-186°. 

J. L. S. 

PIPERONAL. Piperonaldehyde. IJelio- 
tropin. 3:4-il/ ethylenedioxybenzaldehyde. 



Altliougli closely related to natural products 
such as vanillin and safroJe it occurs only in 
small quantities in the flowers of Sprsea nlmaria 
and according to Elze (Chem.-Zlg. 1910,84, 814) 
in JRobinia pseudacacia. Its presence in the 
flowers, IJeliotropium periivianum, to which it 
owes its commercial name has not boon proved. 
Gjiadingor (Ind. Eng. Chem. 1926,18, 588) found 
a substance giving reactions of piperonal in 
vanillons and Tahiti beans, but other vanilla 
beans gave a negative result. Piperonal was 
formerly prepared by the oxidation of piperic 
acid obtained from piperine {q.v.). As an im¬ 
portant perfume it is now prepared on a large 
scale from safrolo; full details are given by 
McLang (€hem. Trade J. 1926, 79, 359). Safrole 
is first converted, by boiling with alcoholic 
sodium hydroxide, into Mosafrole which is then 
oxidised in potassium dichroraate solution by 
the gradual addition of sulphuric acid. The 
product is extracted with benzene, distilled in 
vacuo and crystallised from alcohol with addition 
of alundum. Suitable plant is described by 
the author {ibid. 1925, 77, 3). Eritzsche (G.P. 
207702) claims an improved yield by chromic 
acid oxidation of i^osafrole (60 kg.) in presence 
of sulpbanilic acid (20 kg.). Davies and 
Hodgson (J.S.C.l. 1943, 62, 90) confirmed this 
observation and obtained an 86*5% yield. 
With potassium permanganate and i^osafrole 
they obtained mainly piperonylic acid, 

CHXa^CgHs-COOH. 

Properties. —Piperonal, which has a powerful 
odour of heliotrope, crystallises from water in 
largo prisms, m.p. 37°; b.p. 263°/760 mm. 
(decomp.); 144-145°/14 mm. (Perkin J.C.S. 
1916, 109, 907 n.). It is sparingly soluble in 
cold water, 3*5 g. per litre at 20°, but readily 
soluble in the common organic solvents. It is 
liable to become discoloured unless k^pt in a 
dark cool place. The ultra-violet absorption 
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spectrum has been observed by Patterson and 
Hibbert (Amer. Chem. Abstr. 1944, 38, 250; 
Grinbaum et al., ibid. 1938, 32, 1576); the 
Raman Bpcctrum by Susz et al. (A. 1936, 923; 
1935, 1446). Piperonal has no characteristic 
physiological action (Bianchi, J.C.S. 1915, 108, 
i, 72). It has a slight growth-promoting activity 
on vegetation (Grace, Amer. Chem. Abstr. 
1938, 32, 4632); the opposite effect is reported 
by Schmid (Helv. Chim. Acta, 1944, 27, 1197). 

Reactions. —At one time it was considered that 
piperonal and piperonylic acid when heated with 
dilute acid split off carbon and formed respec¬ 
tively protocatechuic aldehyde and proto- 
catechuic acid. It is now known (Parijs, Rec. 
trav. chim. 1930, 49, 33) that formaldehyde 
produced by the break-down of the oxymethy- 
Jene ring condenses with the protocatechuic 
derivative to form a black resin (c/. V. Meyer 
and P. Jacobson, “ Lehrb. organ. Chem.’’ Vol. II, 
p. 523, Leipzig, 1902). The C HgOj group is split 
off quantitatively by heating with 28% sulphuric 
acid; employing this reaction Hunter et al. 
(Amer. Chem. Abstr. 1938, 32, 4533) concluded 
that a piperonyl group may bo contained in the 
lignin complex. Givaudan & Co. (B.P. 463341) 
eliminated the methylene group, and obtained 
protocatechuic aldehyde in 95% yield, by treat¬ 
ing piperonal in dichloroothylene with alumi¬ 
nium chloride, and heating the product with 
toluene. Piperonal shows the reactions of an 
aromatic aldehyde; it condenses readily with 
acetone, malonic ester, acetic anhydride, hip- 
puric acid, aromatic amides, and undergoes the 
Cannizzaro reaction. It forms by conventional 
methods the oxime (syn and anti forms), the 
phenylhydrazono, and the semicarbazone (two 
forms). These compounds are used in the 
identification and determination of piperonal. 

Electrolytic Reduction. —3:4-Methylenedioxy- 
bonzyl alcohol was obtained in 90% yield from 
piperonal in slightly alkaline suspension at c.d. 
4 arap./lOO cm.* (Shima, Amer. Chem. Abstr. 

1929, 28, 2371). 

Halogenation.—6 - Bromo - and 6 - chloro - 
piperonal are readily obtained in carbon tetra¬ 
chloride solution; in acetic acid there are also 
formed 4:5-dibromocatechol methylene ether 
and the corresponding dichloro-compound 
(Robinson et al. J.C.S. 1917, 111, 946). 

Nitration. —^The chief product (70% yield) is 
6 -nitropiperonal, m.p. 98°, with 4-nitro-l;2- 
methylenedioxybenzene, m.p. 148° (Salvay, 
ibid. 1909, 95, 1163; Parijs, Rec. trav. chim. 

1930, 49, 17). An indigo synthesis was effected 
by heating an acetone solution of 6-nitro¬ 
piperonal with dilute sodium hydroxide, which 
yielded 6:6:5':6'-bismethylenedioxymdigo. 

Uses of piperonal are discussed by H. S. Red- 
grove (Mfg. Perfumer, 1939, 4, 343). 

IdentifiaaUion and Iktermination. —Gnadinger 
(l.c.) and Crocker (Ind. Eng. Chem. 1925, 17, 
1158) have describe colour reactions which are 
not specific. Rosenthaler’s microchemical test 
(Amer. Chem. Abstr. 1937, 31, 4227) involves 
formation of the compound with barbituric acid. 
For some aldehyde reactions, see ** Reactions ” 
a^ve. Radcliffe^and Shflucpies (J.S.C.I. 1925, 
44, 1010b; H pap^ in Perf. & Essent. Oil 
Bto. in 1924 and 1925) have made a critical 


study of methods based on the phenylhydrazone, 
the p-nitrophenylhydrazone and the semi¬ 
carbazone (cf. Phillips, J.S.C.I. 1923, 42, 948a) ; 
the two last-named compounds of piperonal are 
insoluble in dilute alkali and can thus be 
separated from the corresponding compounds of 
vanillin. Aldehydes are first separated as bi¬ 
sulphite compounds (Doherty, J.C.S. 1914, 106, 
ii, 503). The effect of the presence of couraarin 
was investigated. 

J. N. G. 

PITCH. The term “ Fitch ” was originally 
applied to any dark-coloured fusible solid or 
semi-solid of organic origin whether found as a 
natural deposit or obtained as a residue from 
the distillation of a tar or other carbonaceous 
substance. The description is no longer applied 
to naturally occurring Asphalts {v. Vol. I, 5166) 
nor to residues from the distillation of petroleum, 
previously called “ petroleum pitch,” but now 
known as “ Mtumen ” {ibid.) or more precisely 
“ asphaltic bitumen.” 

According to the Glossary of Highway Terms, 
British Standard 892, which is based on the 
Technical Dictionary of Road Terms prepared 
by the Permanent International Association of 
Road Congresses, pitch is defined as the “ black 
or dark brown solid or semi-solid and cementi¬ 
tious residue remaining after partial evapora¬ 
tion or fractional distillation of tars or tar pro¬ 
ducts.” This very restricted use of the word is, 
however, confined to the Road Industry and 
more generally the term “ pitch ” includes the 
solid or semi-solid residues obtained by distil¬ 
lation of many organic substances other than 
petroleum products, a prefix indicating the 
origin of the material, e.g., coal-tar pitch, 
stearin pitch, rosin pitch, etc. 

COAL-TAR PITCH. 

This is the most important type of pitch both 
as regards the magnitude of its production and 
the variety of its uses. Approximately two 
million tons of coal tar containing about one 
million two hundred thousands tons of pitch 
were produced in Great Britain in 1947. About 
one half of this pitch was used in solid form and 
the remainder, blended with creosote oils, was 
used as road tar and liquid fuel. 

PREPABATION. 

Coal-tar pitch is prepared by the distillation 
of coal tar, being the residue after the removal 
of the light oils, creosote, and anthracene oil. 
The tar may be distilled by the batch method 
in a pot still or by a continuous process in some 
form of pipe still. The characteristics of the 
pitch are usually controlled in pot-still distil¬ 
lation by the quantity of distillate taken off, and 
in continuous distillation by the temperature at 
the end of the coil. The pitch in the liquid con¬ 
dition is run from the stills through coolers and 
is then usually allowed to flow over large flat 
areas known as “ pitch beds,” where by rarther 
cooling it solidifies; it is subsequently broken 
up by hand or by mechanical means. For cer¬ 
tain purposes the liquid pitch may be filled into 
drums or other containers, or supplied hot in 
insulated tank wagons. 
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The proportion of the tar obtained as pitch 
depends mainly upon the nature of the tar and, 
to a less extent, on the methods of distillation. 
During distillation additional pitch ms^ be 
formed as a result of the polymerisation or 
cracking of certain of the lower boiling con¬ 
stituents, more particularly those of phenolic 
character. Accordingly, a continuous still where 
the tar is exposed to high temperatures for a 
shorter time, gives a somewhat lower yield of 
pitch than a pot stdl, a fact which is an advan¬ 
tage since, in general, pitch is of less value than 
tar oils. In order to increase the yield of oils 
in pot-still distillation and thus reduce the pro¬ 
portion of pitch, steam or some other inert gas 
may be passed through the charge, thus in¬ 
creasing the rate of distillation and reducing 
the maximum temperature required. 

It has been indicated in another article {v. 
Coal Tar, Vol. Ill, 207d) that the nature and 
properties of the tar are dependent on the con¬ 
ditions of carbonisation of the coal. With in¬ 
crease in the temperature of carbonisation the 
tar tends to become less phenolic and more 
highly aromatic. These changes are accom¬ 
panied by corresponding changes in the proper¬ 
ties of the pitch as well as by an increase in the 
pitch content of the tar. 

The most usual grade of pitch is that known 
as medium-soft pilch which has a softening point 
(ring and ball) of about 78°c. Typical yields of 
medium-soft j>itch in })ot-still distillation of 
various typos of coal tar are given below; the 
figures are, however, subject to fairly wide 
variation,^ 

Table I.— Percentage Yields of Medium- 
soft Pitch from Crt^de Tars. 


Low temperature tar.35 

Vertical gas retort tar.50 

Horizontal gas retort tar .... 60 

Coke oven tar.65 


For certain purposes coal-tar pitches are 
required with a softening point lower than that 
of medium-soft pitch and such material, known 
as “ soft pitch is prepared either by stopping 
the distillation process at a lower temperature, 
so that some of the higher boiling oils remain in 
the residue, or by fluxing medium-soft pitch 
with the requisite proportion of a suitable tar 
oil, such as anthracene oil.^ The softening 
point of a soft pitch may be as low as 30°c. 
(ring and ball test) in which case the material 
flows appreciably at room temperature. There 
is no sharp line of demarcation between pitch 
and tar, but materials of softening point lower 
than SO'^o. are usually termed “ tars.” Pitch is 
also required at times with a softening point 
higher than 80°o.; such materials, known as 
“ hard pitch are prepared by continuing the 
distillation process, usually with the passage of 
steam or inert gas, or by air-blowing medium 
soft pitch at temperatures from 300* to 370*0. 
The softening point of hard pitch may be as 
high as 250*0. Such materials are sometimes 
produced in a granulated form by sprayii^ the 
molten pitoh into water or by oHier similar 
methods. 


Physical Properties. 

The harder grades of coal-tar pitch are brittle 
and break with a conchoidal fracture. They 
are black or dark brown in colour, the intensity 
of colour being dependent upon the carbonising 
conditions under which the tar was produced. 
Low temperature pitch gives a brown streak on 
porcelain and can bo fairly successfully pig¬ 
mented. High temperature pitches, which are 
much darker in colour, offer considerably less 
scope for pigmentation. 

j Coal-tar pitchers are largely soluble in benzene, 
toluene, or carbon disulphide and the solutions 
have a characteristic green fluoresccnco. The 
insoluble residue is commonly known as free 
carbon although this is not a true description 
since it contains about 3% each of hydrogen and 
oxygen.^ The proportion insoluble in toluene 
depends on the source and method of prepara¬ 
tion of the pitch and on its softening point. The 
medium-soft grades of low temperature, vertical, 
and horizontal pitches usually contain respec¬ 
tively from 1 to 7%, 5 to 19%, and 15 to 30% of 
insoluble matter. The solubility is somewhat 
greater in polar solvents such as pyridine and 
nitro-benzene.'* When, as is normally the case, 
coal-tar pitches are free from the lower boiling 
phenols and tar bases, they are practically in¬ 
soluble in and unaffected by water, dilute acids, 
or alkalis, or by salt solutions. 

There are no fundamental differences in 
properties between pitch and tar and there can 
bo no sharp division hetwoen the two materials. 
The dividing line is purely arbitrary and is 
dictated by convenience for commcrdal reasons, 
rather than on scientific grounds. Actually, 
pitches are very highly viscous liquids and the 
viscosity at ordinary room temperatures can 
be measured by moans of wiitable instruments, 
e.g.f at 30*c. medium-soft pitch has a viscosity 
of about 10^° poises.®’ ® When subjected to a 
deforming force pitch behaves as a Newtonian 
fluid,the rate of shear being directly propor¬ 
tional to the applied force; in this respect coal- 
tar pitch differs from many asphaltic bitumens, 
which often exhibit anomalous behaviour. The 
viscosity of pitch varies considerably with tem¬ 
perature, and the following relationship holds 
over a limited range (Le., about 100 Fahrenheit 
degrees): 

1)6^—a, 

where 6 is the temperature in *F., rj is the vis¬ 
cosity, and n and a are constants. 

The term n has been called the logarithmic 
temperature coefficient, and corresponds to the 
slope of the straight lino obtained by plotting 
the logarithm of the viscosity against the 
logarithm of the temperature. The magnitude 
of n varies according to the softening point of 
the pitch, ranging from about 11 for a softening 
point of 36°c. (R. and B.) to about 18 for a 
softening point of 78°c. (R. and B.).®* The 
type of co^ tar from which the pitch is obtained 
has little effect, but the value of n for any 
particular softening point can bo reduced by 
incorporating fine mineral fillers in the pitoh,® 
or'by dispersing coal of a suitable type at an 
elevated temperature.^® In either case the t^jm- 
perature coeffioient of the resultant material 
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is that of tho softer pitch used as the basic 
material. 

The density of coal-tar pitch varies with the 
softening point and with the type of tar from 
which the pitch is obtained. At 16®o. the 
density of medium-soft pitch (R. and B., 78°o.) 
ranges from 1-11 to 1-33 g. per c.c. and that of 
soft pitch (R. and B., 35®c.) from 1*08 to 1-28 g. 
per c.c. A relationship has been noted 
between the density of tar products and the 
temperature of carbonisation of the coal; the 
lower this temperature the lower is the density 
of the tar products. On tho basis of density, 
tars and the j)itches therefrom can be classified 
as low temperature, low mediinn temperature 
(vertical gas retort), high medium temperature 
(horizontal gas retort), and high temperature 
(horizontal gas retort and coke ovens). For 
medium-soft pitch from these various sources 
tho density ranges are : 


Low temperature . 
Low medium . 
High medium . 
High temperature . 


1 •12-1*18 g. per c.c. 
1*18-1*24 „ „ 

1*24-1*29 „ „ 

1*29-1*34 „ „ 


Pitch is a good electrical insulator under low 
voltage conditions, the resistivity being of the 
order of 6x 10^® ohm-cm. at room tempera¬ 
tures^®; its dielectric coiistant decreases with 
increase in temperature, and at 25°o. lies between 
2*25 and 3*55.^’ 

Tho thermal conductivity of pitch is about 
0*00033 e.G.S. imits, equivalent to 0*08 B.Th.U. 
per hour per sq. ft. per ft. per Its specific 

heat ranges from 0*34 to 0*45.^® These values 
refer to a temperature range of 15-200°c. Pitch 
has no latent heat of fusion. The cubical co- 
eflScient of thermal expansion over a temperature 
range of 0-200°c. is 0*0004()-0*00056 per 
which corresponds to a reduction in density of 
0*0006 g. per c.c. per °c. temperature rise. The 
calorific value depends to some extent on the 
softening point, but usually lies between 15,800 
and 16,300 B.Th.U. per Ib.i® 


Methods of Test. 

Pitches are usually graded according to their 
softening pointy Le., the temperature at which a 
certain degree of softness is attained. There are 
several methods for making such determinations. 
Since pitch is a liquid even at room temperature, 
it does not change at any definite temperature 
from the solid or semi-solid state to a liquid 
state, but becomes progressively softer and loss 
viscous as the temperature rises. Softening- 
point tests give the temperature at which the 
viscosity is reduced to a certain value when the 
temperature is raised under closely defined con¬ 
ditions. In Great Britain the ring and ball and 
the Kraemer and Sarnow tests are the ones 
most generally used, and in America the half- 
inch cube test and the twisting point.^^. Certain 
viscosity tests applied to tars used for road pur¬ 
poses can also be applied to pitch, for example, 
a pitch can be defined in terms of equiviscoua 
temperature {E, which is the temperature 

in °o. at which a tar or pitch has a viscosity on 
the standard tar viscometer of 60 seconds 


(equivalent to a kinematic viscosity of about 
200 stokes). These tests are all simply related® : 

Softening Point (R. and B.) 

== Half-inch Cube Test approx. 

—Softening Point (K. and S.)-|-8°c. 

—Twisting Point-|-30°c. 

-E.V.T. -18*5°c. 

The various standard tests used in Great Britain, 
including those for tho determination of water^ 
free carbon^ volatile matter, ash, etc., are described 
in “ Standard Methods for Testing Tar and Its 
Products.” 2® 

Chemical Tests arc sometimes used to 
differentiate coal-tar pitches from other pitches 
and from asphaltic bitumen. Thus the coal-tar 
pitches contain little or no saponifiable matter, 
but do contain anthracene and phenolic bodies; 
the detection or determination of such com¬ 
pounds forms the basis of certain chemical tests 
which may be applied. Tho anthraquinone 
reorction^^ is useful in indicating the presence of 
anthracene, which is a characteristic component 
of tho softer coal-tar pitches. Tho material is 
distilled and the oil distilling between 270'^ and 
355°c., which would contain the anthracene, is 
separated. The solid portion separating from 
this oil is recrystalliscd from alcohol and refluxed 
%vith glacial acetic acid. Oxidation is then 
effected by treatment with chromic acid solu¬ 
tion, and anthraquinone is precipitated on dilu¬ 
tion with water. When 1 part of anthraquinone 
is boiled with 2 parts of zinc dust, and 30 parts 
of 50% sodium hydroxide solution, an intense 
red clour develops which fades on filtering in 
contact with air. 

Another test distinguishing pitches from bitu- 
men^® depends upon the detection of phenolic 
I compounds, which are characteristic of most 
pitches. Tho substance is boiled with n. sodium 
hydroxide solution and filtered. Treatment of 
the cold solution with p-diazobonzene sulphonic 
acid (diazotised sulphanilic acid) gives, if 
phenols are present, a red precipitate or a red 
coloration, which may bo fugitive. On sul- 
phonation,^^ coal-tar pitches and the wood 
pitches give no insoluble residues; other pitches 
give various proportions of insoluble substances, 
while bitumens, which are almost completely 
insoluble, give a bulky precipitate. 

Coal-tar pitches and bitumens give very low 
saponification and acid values, whereas the fat 
pitches and wood pitches give high values. The 
presence of rosin, a characteristic of wood pitches, 
can be detected by the Liebermann-Storch re- 
CLction^^ in which the substance is heated with 
acetic anhydride and the product treated with 
dilute sulphuric acid. If rosin is present a 
fugitive violet coloration is formed. 

Composition and Constitution. 

The Chemical Composition of coal-tar pitch 
is dependent on the temperature of carbonisation 
of the parent coal, and to a smaller extent on the 
softening point of the pitch; the nature of the 
coal carbonised has little effect. With increase 
in temperature of carbonisation the percent^es 
of hydrogen and of oxygen both decrease. The 
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hydrogen content also decreases slightly with 
increase in softening point. Typical analyses of 
medium-soft pitches are given below 


Table II.— Ultimate Percentage Analyses 
OF Pitches. 


Type. 

Ash. 

C. 

H. 

S. 

N. 

0 

hy 

dim 

Ja)W Aromatic: 
Sample A . 

„ B . 

018 

0 ()« 

87‘48 

89-53 

C02 
5-01 ! 

1 

0-68 
0-43 ! 

1-.50- 

1-38 

4-14 

2-99 

Ilioh Aromatic: 
Sample C 

0*13 

0 23 

90-42 

1 90-34 

5-23 

5-03 

0-05 

0-84 

1-38 

1-47 

2-19 

2-09 


The chemical constitution of pitch is very 
complex. The main constituents are highly 
polymerised resinous compounds of an aromatic.' 
nature, together with many high boiling aromatic 
hydrocarbons and their derivatives, and some 
unsaturated and xiaraffinoid bodies.'^^ The pro- 
))ortion of unsaturateds and x^firaffins is very 
low in high temperature pitch but increases as 
the temperature of carbonisation is reduced. 
For this reason pitches from coke oven and 
horizontal retort tars are sometimes known as 
high aromatic pitches, and those from vertical 
retort tar as low aromatic pitches. Bases such as | 
acridine and its higher horaologues and also 
phenolic substances are present, the proportion 
of the latter being higher in the low aromatic 
pitches. Certain of the constituents of pitch 
have carcinogenic properties {v. Carcinogenic 
Hydrocarbons, Vol. II, 378a). 

The Physical Constitution ofpitch has been 
investigated by solvent analysis. The matter 
insoluble in toluene may be resolved into a por¬ 
tion insoluble in pyridine, and a resinous material 
soluble in pyridine. The latter is normally in 
solution in the pitch but is predpitated there¬ 
from by benzene or toluene. These two frac¬ 
tions have been called and C2 respectively. 
The C2 in pitch is visible when a very thin film 
is viewed under the microscope. Those com¬ 
ponents of the x>itch soluble in benzene but in¬ 
soluble in light petroleum have been called “ tar 
resins.” Low-temperature tar has been sepa¬ 
rated by solvent methods without distillation®® 
giving soluble portions of high boiling-point 
which would normally bo xiresent in the pitch. 
The amorphous solids extracted by alkali have 
been termed resinols and those soluble in dilute 
acid resinamines. It is characteristic of low 
temperature pitch that it contains a high pro¬ 
portion of resinols. Similar bodies are present 
to a smaller extent in vertical retort, or low 
aromatic pitch but are almost absent from high 
aromatic pitch. 

In a study of the constitution of road tar,®^ 
pitch of softening point about 100°o. (R. and 
B.), obtained by vacuum distillation to 250°c., 
was further separated by solvents into different 
types of resins. From the various observations 
ma^de in this work, including the cryoscopic 
behaviour in benzene of the fractions of higher 
molecular weight, the viscosity of the dis¬ 
persions in oil, and the 'particulate structure 


revealed by the electron microscope, it was con¬ 
cluded that tar (and thus jjitch) is an associated 
colloid in which the micelles arc composed of a 
core of hydrocarbon derivatives of high mole¬ 
cular weight, surrounded by a solvation layer of 
smaller molecules. These micelles are disperse<l 
in a continuous oily medium and there is no 
abrupt discontinuity of phase between this 
medium and the nuclei of the micelles. 

Uses of Coal-Tar Pitch. 

Briquetting .—The main use of coal-tar x^itcli 
is for the briquetting of fine coal, lignite, coke 
breeze, etc., for which purpose the medium-soft 
grade [softening point about 78°c. (K. and B.)] 
is used. The volatile-matter test and the “ free 
carbon ” content arc generally used to determine 
the suitability of j)itch for this process. It has 
been suggested®® that the ‘"free carbon” con¬ 
tent should not exceed 30%, since this material 
is to some extent a diluent, and that, in the 
volatile-matter test, the pitch should yield a 
button of coke, not too voluminous but flat and 
of a very dark greyish colour. The usual method 
of employing x>itch for briquetting is to crush 
the pitch to J in. and feed it with the coal 
or other material to be briquetted, into a 
continuous mixer which is heated internally by 
steam. The x>i’Gportion of pitch required for 
coal is normally between 5 and 8% but higher 
proportions may bo required for fine slacks and 
coke breeze. The hot mixture is convoyed by 
a screw feed to a press or to indented rollers where 
it is formed into conveniently shaped blocks or 
ovoids which harden on cooling. Steel turnings, 
flue dusts, and ores are also briquetted with 
pitch, in order to simplify transport, processing, 
etc.®® ’ 

Pitch is used as the binder for carbon, graphite, 
or pitch coke in the manufacture of electrodes 
(v. Vol. II, 313d). A hot mixture is prepared and 
extruded or moulded in the form of rods; the 
pitch binder is then converted to pitch coke by 
carbonisation. When large electrodes, such as 
those used in the production of aluminium, are 
required, coke and anthracite are mixed with 
pitch and tar in suitable proportions and the 
mixture is extruded into the reduction furnace 
so that the pitch is carbonised and the electrode 
is formed in situ. 

Pitch Coke. —Carbonisation of coal-tar pitch 
produces pitch coke. This iHoduct has a number 
of commercial applications on account of its 
j high degree of purity and freedom from de- 
I leterious mineral constituents. Owing to the 
fluidity of hot pitch, its carbonisation presents 
special problems. In some processes cast-iron 
pot stills are used and in others specially designed 
coke ovens, of the beehive or chamber type.®* 
The ovens are either filled with molten pitch 
(usually hard pitch of R. and B. 160°o.) by pipe 
line through the top of the oven, or charged with 
granulated hard pitch ; the doors are luted with 
clay. In the cast-iron stills the end temperature 
does not exceed 700®o., but in the ovens tempera¬ 
tures of 1,100-1,200°c. may be reached. 

The carbon content of pitch coke may range 
from 90 to 98% and the ash from 0-2 to 0-8%. 
Pitch cokes with a low volatile matter content 
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are used mainly in the manufacture of electrodes 
and in the production of high-grade castings in 
the metallurgical industries. High volatile pitch 
cokes have been suggested as household fuels 
and for producer-gas traction. 

The yield of pitch coke may range from 50 to 
70% depending on the method of carbonisation 
and the type of pitch used. The distillate 
{pitch-coking oil) comprises 20 to 40% of the 
pitch and is a viscous greaso-like product; it is 
used as a fuel, or as a plasticiser in the prepara¬ 
tion of special types of road tar. Prom 5 to 15% 
of the pitch is evolved as a combustible gas* 
(mainly hydrogen) which is used to heat the 
ovens. 

Pitch as a Fuel.—Another important use of 
coal-tar pitch is as a fuel; it is generally used 
in one of throe forms ; 

(a) Mixed with creosote (a creosote/pitch fuel 
was used in Britain in large <|uantitio8 
during the First and Second World Wars 
to replace imported petroleum fuel oil). 

{h) In liquid form without added creosote 
(medium-soft pitch). 

(c) Pulverised and fired in a similar manner to 
pulverised coal (hard pitch having a 
softening point greater than 100°C.). 

These fuels, together with the methods of use 
are described in “ Coal-Tar Fuels. 

(a) Creosote!Pitch Mixture .—In general, mix¬ 
tures of pitch and creosote are handled in a 
similar manner to heavy petroleum fuel oil, 
although certain special methods are used mainly 
with the object of avoiding troubles due to sedi¬ 
mentation of insoluble matter. Various types of 
burner are used, atomisation being effected by 
steam or by compressed air. 

(h) Molten Pitch. —Medium-soft pitch used as 
a liquid fuel is normally supplied and stored in 
the solid condition and is melted and heated to 
360-400°r. before use. Various types of melters 
are used based on one of the following principles : 

(i) The hot molten pitch is circulated through 

and over the solid material. 

(ii) The pitch is melted by contact with a 
heated surface and the liquified material 
drains away as it is formed. 

These methods are both designed to offset the 
low thermal conductivity of pitch an^ to avoid 
decomposition by overheating. 

(c) Pulverised Pitch .—Hard pitch, with a 
softening point over 100°c. R. and B. can be 
used as a pulverised fuel, for which purpose it is 
superior to other pulverised fuels because of its 
low ash content. For the pulverisation of the 
pitch a high-speed, air-swept impact machine 
is used. The pulverised pitch may be fed 
directly to the furnace, or for small furnaces it 
may be stored and supplied through a portable 
fan and feeder. 

Pitch in Building Materials.—Coal-tar 
pitch is used in the manufacture of roofing feU 
and similar waterproof, impregnated fabrics. 
In the usual method of roofing-felt manufacture 
the felt is impregnated with molten pitch of 
softening point (R. and B.).** A slight 

excess of pitch is left on the surface of the felt 


and this is covered while still hot with sand or 
other fine aggregate. In another method the 
felt is squeezed dry after impregnation and an 
external coating of a mixture of pitch and fine 
mineral filler is applied. A soft pitch of about 
60°c. (R. and B.) is used as a sealing and dressing 
compoimd in the construction of laminated 
roofs. 

Pitch is also employed as the binder in 
mastics used for flooring and for roofing. For 
fiooring mastic a pitch of softening point 60- 
70°c..(R. and B.) is used,®® and is mixed to the 
extent of some 20% with fine mineral matter 
(largely below 200 mesh) and a small proportion 
of coarser grit. Wood fillers are sometimes in¬ 
cluded. The hot, semi-fluid mixture is laid to 
the required thickness by hand floating. 

For decorative purposes pitch mastic can be 
coloured by the addition of a suitable pigment. 
In this case it is necessary to use a pitch, such 
as that from low-temperature tar, which con¬ 
tains bttle or no free carbon. Certain types of 
vertical retort pitch can also be uSed and pro¬ 
cesses have been described®'^ for rendering high 
temperature pitch more suitable for pigmenta¬ 
tion by removing insoluble matter by solvent 
extraction. 

Pitch roofing mastic^ for the .construction of 
flat roofs, is prepared and used in the same way 
as flooring mastic, but a binder of lower softening 
point [40°o. (R. and B.)J is employed. 

Other Uses of Coal-Tar Pitch. —Paints 
having a coal-tar pitch base give excellent pro¬ 
tection to metals against corrosion owing to 
their very high resistance to water penetration.®® 
Such paints are sometimes known as “ black 
varnish ” and usually consist of a soft coal-tar 
pitch thinned with coal-tar naphtha.®® The 
coal-tar pitch may be partly or completely sub¬ 
stituted by water-gas pitch {v. infra) in order 
to give the paint a higher gloss. Vegetable oils 
or fatty-acid pitches are sometimes incorporated 
as plasticisers, and fine mineral or organic fillers, 
and pigments may be added to give easier brush¬ 
ing and greater stability to the paint film.^® 
Molten coal-tar pitch is applied as a corrosion 
preventive to steel and cast-iron pipes by dipping, 
and is also used for the impregnation of pipe 
wrappings. 

As an electrical insulator, a soft pitch of about 
60°o. (R. and B.) is used for the sealing of dry 
batteries. Soft pitch is sometimes blended with 
Lake asphalt for use in the impregnation of the 
wrappings or ** servings ” of electric cables. 

Coal-tar pitch has also found some use in the 
form of emulsions. In the case of the higher 
softening-point pitches a bentonite-clay slurry 
is usually employed as the emulsifying agent. 
Pitch emulsions are used for the production of 
waterproof millboard and wrapping papers, 
adhesives, and certain special paints. Cheap 
thermo-plastics are produced from mixtures of 
pitch and asbestos fibre. A product known as 
plastic armour was extensively used in the 
Second World War as a substitute for armour 
plate. It consisted essentially of a mixture of 
pitch and graded stone, filled into suitable metal 
containers. Powdered pitch has been used as 
an extinguisher^* for magfiosium and similar 
metal fires. 
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THE LESS COMMON PITCHES. 

Pittihes are obtained from the distillation of 
tars other than coal tar, and are formed during 
the distillation of a variety of natural oils and 
fats. The properties of these pitches vary con¬ 
siderably, being dependent upon the maximum 
temperature of the distillation and on the period 
of heating.** No definite figures can therefore 
bo given for their physical and chemical proper¬ 
ties ; most of them may have a consistency 
ranging from that of a viscous fluid to that of a 
hard brittle solid* The simplest, and in some 
cases the most reliable, indication of the source 
of a pitch is afforded by the odour of the fumes 
emitted on heating. The pitches, other than 
coal-tar pitch, which are used commercially 
include the following: 

Anthracene Pitch.—This is the residue 
obtained in the purification of anthracene by 
distillation. It is hard, black, and glossy with 
high temperature suceptibility. 

Blast - furnace Pitch and Producer 
Pitch are residues from the distillation of blast¬ 
furnace and producer tars. They are essentially 
coal-tar pitches and have similar properties but 
normally contain a higher proportion (10-20%) 
of mineral matter; their densities range from 
1*2 to 1'3. They have high temperature- 
susceptibility and moderate to good weathering 
properties. They are normally used as fuel but 
may be used for briquetting and for cheap paints. 

Brewer’s (or Rosin) Pitch, v. mfra, “ Wood 
Pitches.'' 

Burgundy Pitch is an oleo-resin from Norway 
Spruce. 

Canada Pitch is an oleo-resin from the Hem¬ 
lock Spruce (v. V'^ol. II, 2()H>). 

Cresol Pitch (Tar-Acid Pitch) is the residue 
from the distillation of crude cresols. It is 
soluble in caustic alkali and in alcohol and is 
used to some extent in the preparation of 
lacquers. 

The Fat Pitches. 

(а) Bone-tar Pitch or Bone-oil Pitch 
is the residue from the distillation of bone oil or | 
dispel oil obtained as a by-product in the j 
manufacture of ivory black or bone charcoal. | 
It should not bo confused with bone-fat pitch | 
[v. infra). It is the blackest of all pitches and | 
has a brilliant lustre. When strongly heated it 
evolves fumes which contain basic substances 
and have the typical nauseating smell of bone 
oil. It is almost completely soluble in carbon 
disulphide and in pyridine bases but less so in 
light petroleum. Its solutions are dark brown 
and exhibit no fluorescence. Normally it is 
fairly hard, contains a high proportion of un- 
saponifiablo matter and is in consequence 
moderately susceptible to temperature changes 
and not so weather resistant as the fatty-acid 
pitches. The density lies between 1*00 and 1*20. 
It is produced only in small quantities but is 
highly prized for the manufacture of japans and 
varnishes. 

(б) Fatty-acid Pitches (Stearin Pitches) 

’ are the residues from the steam distillation of 

candle-stock and soap-stock fatty adds and the 
fatty acids from ootton-seed fo^ waste fats, 
and greases, etc. These pitches generally have 


a high solubility in carbon disulphide and in 
light petroleum, giving non-fluorescent solutions. 
Their temperature susceptibility and weathering 
I properties are in general related to the content 
of saponifiable matter. This is usually high in 
the softer grades which are consequently highly 
I weatherproof and have low temperaturo-suscepti- 
bility. The weather resistance of some asphaltic 
bituments is said to be increased by the incor¬ 
poration of such fatty acid pitches. The density 
ranges frpm 0-95 to 1*1 and the coefficient of 
I cubical expansion approximates to 0*0009 per °c. 

\ Individual characteristics are ; 

Bone-Fat Pitch : The distillation residue of the 
fatty acids from the fat extracted from bones 
by solvents or by steaming (y. Bone Fat, 
Vol. II, 286). Black in colour and usually 
soft, it contains an exceptionally high pro¬ 
portion of unsapoiiifiablo matter and is 
therefore not very weather resistant. 

Lard Pilch : Brown and usually very soft , this 
pitch contains very little unsaponiflable 
matter. 

TaUow Pilch : Brown, usually hard, with only 
a moderately low content of unsaponiflable 
matter; good weather resistance. 

Palm-Oil Pitch: Brown to black, the soft 
grades being duU. The hard grades contain 
a considerable proportion of unsaponiflable 
matter and have only moderate weather 
resistance. 

Cottonseed-foots Pitch : Brown to black, usually 
soft and of good weather resistance. 

Cornoil-foots Pitch : Black, not very soft,, but 
extremely rubbery with a low temperature- 
susceptibility. 

Packing-house Pitch: Brown to black, usuaUy 
soft with a rather high temperature-suscepti¬ 
bility ; low content of unsaponiflable matter. 

Garbage and Seivage Pitch : Black, normally 
soft, but may have a high content of un¬ 
saponiflable matter, low weather-resistance, 
and rather high temperature-susceptibility. 

Whale-Oil Pitch : Bright and black, it contains 
a fairly high proportion of unsaponiflable 
matter. 

Woolgrease Pitch: Black, usuaUy soft, but 
with a high temperature-susceptibility and 
high content of unsaponiflable matter. Also 
known as cholesterol pitch owing to the 
presence of iscwholestorol, which gives the 
LiebermannStorch reaction for rosins.** It 
contains an msolublo hydroxy-fatty acid 
(m.p. 80-82°c.).** 

Wool-Oil Pitch : Obtained from the oil used to 
lubricate the wool fibres during processing. 
It contains no i«ocholesterol and its proper¬ 
ties to some extent depend on the oil used. 

Uses .— The chief use of the fatty-acid pitches 
is in the preparation of varnishes, lacquers, and 
japans, for which purpose they may be used by 
themselves or in admixture with drying and 
semi-drying oils, bitumen, coal tar, and coal-tar 
pitch, etc. The harder grades are usually 
reserved for baking japans because of their 
inferior weather resistance when unbaked. The 
soft grades find some use as lubricarUa under the 
name of neck-greaae, wool-grease pitch being 
particularly useful for this purpose. Other uses 



656 


PITCH. 


include insulating materials and lacquers for 
cables and armatures, printing, gravure, and 
copying inks, coloured tiles, and boot polishes. 
♦Glycerine Pitch is the residue from the steam 
distillation of glycerol. It is greenish-brown to 
black in colour and consists very largely of 
polyglycorins, so that it is appreciably soluble 
in water. It is used for hectograph jellies, 
printing inks, and boot polishes. 

Lignite Pitch and Peat Pitch. —Lignite 
pitch is sometimes obtained as the residue from 
the distillation of lignite tar although the distil¬ 
lation is usually carried to the coking stage. 
Peat pitch is obtained from the tar formed in the 
destructive distillation of peat or in producers 
operating on peat. These two pitches are very 
similar in properties. They are black, usually 
hard, and contain little or no saponifiable matter, 
no anthracene or rosin, and considerable “ free 
carbon.” They are used for briquetting lignite 
and peat and for the production of cheap paints. 

Montan-wax Pitch (Montan Pitch) is formed 
in the distillation of Montaii Wax {v. Vol. VIII, 
p. 2356); it is a dark waxy pitch almost free 
from acidic substances. It is extensively used, 
together with montan wax, for boot polishes, 
gramophone records, etc. 

Naphthol Pitch and Naphthylamine 
Pitch are obtained in the refining of )3-naphthol 
and )3-nai)hthylamine and find some use in the 
manufacture of lacquers. 

Oil-gas Pitch, v. infra ‘‘ WaUr-GasPitch.'''' 
Peat PWchj V. supra'" Lignite Pilch." 

Palm Pitch, Packing House Pitch, | 
V, supra “ Fat Pitches." | 

Producer-gas Pitch v. supra "Blast¬ 
furnace Pitch." 

Rosin Pitch, v. infra" Wood Pitches." 
Shale-tar Pitch .—Shale tar is normally 

distilled to the coking stage but a small quantity 
of shale pitch is obtained from the mixed acids 
and alkaline washes obtained in the refining of 
the distillates. It is very similar to Lignite 
Pitch {q.v.). 

Stearin Pitch, v. supra " Fat Pitches." 

Tall-oil Pitch or Tall Pitch, v. w/m “ Wood 
Pitches." 

Water-gas and Oil-gas Pitches. —These 
are the residhes from the distillation of the tars 
obtained during the carburetting of water gas 
and the manufacture of oil gas. They are black 
with a bright lustre, and are almost completely 
soluble in pyridine bases; they are less soluble 
in carbon disulphide and benzene. The “ free 
carbon ” content is less than that of coal-tar 
pitch and the solutions show no fluorescence. 
They have a high temperature-susceptibility but 
are very resistant to water and have good 
weathering properties. Their density ranges 
from 1*10 to 1*36, oil-gas pitch being usually 
denser than water-gas pitch. On account of 
their brilliant lustre they are highly valued for 
the production of paints and black varnishes. 

Wood Pitches. 

(a) Wood-tar Pitches. —Two types of 
wood-tar pitch are generally recognised; they 
are the residues from the distillation of the two 
types of wood tar: Hard-mod tar derived from 
woods containing little resin, e.g., oak, beech, 


poplar, etc., and soft-uuiod, or Stockholm tar, 
derived from woods containing a high proportion 
of resin, e.g., fir, pine, etc. Soft-wood pitch is 
only rarely manufactured since the tar is mainly 
used without distillation. 

Properties .—These two types of pitch differ 
less than the corresponding tars.*^ Soft-wood 
pitches tend to have a lower specific gravity and 
are paler in colour; they are soluble to a slightly 
greater extent and contain more resin acids. 
All wood pitches contain these acids and conse¬ 
quently give a positive Liebormann-Storch re¬ 
action. Wood-tar pitches have a density 
between ITO and 1-30, and are black or dark 
brown in colour with a particularly bright lustre. 
They are moderately soluble in carbon disulphide 
and in benzene, giving solutions free from 
fluorescence. Alcohol and aqueous alkalis also 
dissolve them to an appreciable extent. When 
the alkaline solution is boiled an evil-smelling 
oil is liberated. These pitches have an ex¬ 
tremely high temperature susceptibility and are 
notoriously non-weather-rosistant, being oxidised 
to powder on exposure. They are in consequence 
I of little use as paints in spite of their attractive 
! appearance. They are used mainly for the 
preparation of plastics and insulating materials 
by condensation and polymerisation with form¬ 
aldehyde. They are also used for briquetting 
charcoal but the briquettes need to be car¬ 
bonised because of the offensive odour given off 
by the pitch on ignition. 

(6) Rosin Pitch (Brewer’s Pitch) is the 
residue obtained when rosin (colophony) is 
distilled in the manufacture of rosin spirit and 
oils. It is dull black in colour and is normally 
hard and exceptionally brittle. It contains a con¬ 
siderable proportion of rosin acids but no fatty 
acids, sulphur, or paraffins. It has a high tem¬ 
perature susceptibility and very poor weathering 
properties. The density ranges from 1 *05 to 1 • 15. 
It is used for lining barrels and casks and for 
increasing the hardness of other pitches. 

(c) Tall Pitch or Tall-oil Pitch. —This pitch 
is the residue from the distillation of “ Tall Oil " 
(v, Vol. I, 655d), a by-product of the sulphite- 
sulphate treatment of wood pulp. It is amber 
colomred and in distinction from the wood-tar 
pitches, consist mainly of fatty acids with only 
a small proportion of resin acids. It has been 
used as a war-time substitute for part of the 
linseed oil in oil paints.^^ 

Wool-grease Pitch, v. supra Fat Pitches." 
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E. V. E. 

P ITCH BLENDE is tho name applied to the 
massive, colloform variety of uranivite, on 
account of its pitch-like lustre on a freshly 
broken surface. The mineral uraninite crystal¬ 
lises in the cubic system, though crystals are 
rare; the massive, botryoidal and colloform 
variety (pitchblende) is much more common. 
Pitchblende is a complex oxide of uranium with 
small amounts of lead and the rare elements, 
radium, thorium, yttrium, lanthanum, helium, 
etc. It is structurally identical with uraninite, 
which consists essentially of uranium dioxide, 
UOjj. Natural uraninite (including pitch¬ 
blende) is invariably mere or less oxidised, and 
its actual composition lies between UO 2 and 
UgOg. Lea>d is always present as the stable 
^nd-product of the radioactive disintegration of 
both uranium and thorium. Although crystal¬ 
line uraninite may contain up to 14% of thorium, 
this element occurs in pitchmende o^y as traces. 
Helium, a gas first discovered in pitchblende, is 
VoL, IX.--42 


invariably present as a product of radioactive 
disintegration. 

The principal constituents in a pitchblende 
from Johanngeorgenstadt, Saxony, were : UOo 
69*30, UO3 22*33, PbO 6*39, H^O 3*17, ASgOg 
2*34, and CaO 1*00%. The HgO is probably 
due to alteration, ASgO^ and CaO are almost 
certainly the result of impurities, and the UO3 
content of the mineral is thought to he due to an 
oxidation process, or autoxidation promoted 
by radioactive decay. 

Pitchblende has a velvety black colour, a 
browmish-black streak, and a characteristic 
greasy or pitclilike lustre. It is brittle, has a 
hardness of 6J, and density ranging from 6*5 to 
8*5 (wliercas crystalline uraninite has p from 
8*0 to 10*0). The mineral occurs as a primary 
constituent of granitic rocks and associated 
pegmatites, and in certain metalliferous veins 
containing lead, cobalt, nickel, silver, and tin 
minerals deposited from hydrothermal solutions. 
The pitchblende deposit of Great Bear Lake, 
Northwest Territories, Canada, discovered in 
1930, is probably the richest and largest source 
of uranium and radium in tho world. Here the 
pitchblende represents colloidal deposition in 
cavities, and is accompanied by native silver 
and cobalt-nickel arsenides, tho ore mineralisa¬ 
tion being related to granitit; intrusives. Until 
the discovery of the Canadian deposits, the ores 
of Chinkolobwe in tho Katanga district of tho 
Belgian Congo wore the chief source of the world 
supply of radium and uranium. Hero tho ores 
consist of pitchblende together with its brightly 
coloureil oxidation products, including the 
orange gummite and the reddish-brown clarkeite. 
Tho famous mines at Joachimsthal in Czecho¬ 
slovakia, w^ell known as the source of the pitch¬ 
blende from which Madame Curie first extracted 
radium, still yield valuable quantities of radium 
and uranium. 

Until a few years ago pitchblende and other 
uranium ores were mined not so much for tho 
metal itself as for their radium content. Salts 
of uranium have, however, long been used for 
making iridescent glass, for imparting yellow 
and brown tints to glass, porcelain, and pottery, 
as mordants in dyeing and calico-printing, and 
in photography. On an average 750 tons of 
pitchblende ore are needed to produce about 
5 tons of uranium salts, or 1 g. of a radium salt. 
With tho explosion of the atomic; bomb on 
Hiroshima in 1944 the public became aware of 
tho prodigious amount of energy pent up inside 
the uranium atom, and there can bo little doubt 
that in the future the principal use of uranium 
derived from pitchblende will he in the realms 
of atomic energy. About 0*7% of uranium con¬ 
sists of the isotope 236 j gf ^Nieh is said 
to contain latent energy equivalent to the power 
developed in burning nearly 2,590 tons of coal. 
Radium, which is obtained almost wholly fifom 
pitchblende or uraninite, is mainly employed in 
curative medicine, especially in tho treatment 
of cancer and skin diseases. Luminous paints 
for dials, signs, gun-sights, ©to., consume about 
a tenth of the total annual world production of 
about 200 g., and small amounts of the i;^etal 
are used for detecting inner flaws in metal cit¬ 
ings and iorgings. Canada and tho Belgian 
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Congo are the chief producers of radium and 
uranium, but recent production figures are not 
available. 

Reference, —C. Palache, H. Berman, and C. Prondel, 
“System of Mineralogy,*' 7th ed., Vol. I, New York, 
1944, pp. 611-620 (contains numerous analyses and a 
valuable list of references). 

D. W. 

PITUITARY BODY {Hypophysis cerebri, 
Hypophyse Fr., Ger.) is a small gland situated 
at the base of the brain in vertebrates. It con¬ 
sists of two developmentally distinct portions, 
the anterior and posterior lobes; in some 
animals, including man, there is a third {pars \ 
intermedia). The gland is the source of a 
number of hormones essential to life and it is 
significant that it occupies a particularly well 
protected position in the body. 

The pituitary has been the subject of intensive 
research since Oliver and Schafer first dis¬ 
covered that extracts of the gland caused a rise 
of blood pressure on injection (J. Physiol. 1895, 
18, 277). An even more important effect is that 
on the uterus, discovered by Dale (Biochem. J. 
1909, 4, 427) and utilised for clinical purposes 
by Bell (Brit. Med. J. 1909, ii, 1009). For this 
reason various pituitary preparations have been 
put on the market; these include Hypophysis 
sicca, U.S.P. 1920, consisting of posterior lobes 
of cattle pituitaries, cleaned, dried, and 
powdered; Extraclum Pituitarii liquidimi, B.P. 
1932, which is prepared from posterior lobes of 
cattle pituitaries by extraction with hot dilute 
acetic acid (pH 3-4) and is assayed on the 
isolated uterus of the guinea-pig by comparison 
with an extract of acctono-extracted dry, 
powdered standard substance; and Liquor 
Pituitarii, U.S.P. 1926, which is tested against 
a standard prepared from at least 25 pituitaries 
of cattle by Voegtlin’s method (()‘6 mg. = l inter¬ 
national unit). 

Recent work shows that from the posterior 
lobe of the pituitary three active principles can 
be extracted : vasopressin or pitressiu, respons¬ 
ible for the ability of extracts to raise blood 
pressure, oxytocin, or pitocin, responsible for the 
action on the uterus, and a substance controlling 
the activity of the kidneys (antidiuretic prin¬ 
ciple), although the last effect may be due to 
pitressin and not to a separate hormone. They 
are obtained in most cases by the extraction of 
acetone-dried posterior lobes with dilute acetic 
acid, followed by precipitation with organic 
solvents, the precipitate being dissolved in 
strong acetic acid and again precipitated; 
fractional precipitation with salts is also em¬ 
ployed (Kamm et ah, J. Amer. Chem. Soc. 
1928, SO, 573; Bugl^e and Kamm, Endo- 
cripology, 1928, 12, 671; Stehle and Fraser, 

J. Rharmacol. 1936, 55, 136; Irving, Dyer, and 
du Vigneaud, J. Amer. Chem. Soc. 1941, 63, 
603; the various methods are critically reviewed 
by Irving and du Vigneaud, Ann. New York 
Acad. ScL 1943, 43, 273). A promising method 
for the separation of the oxytocic and pressor 
principles is chromatograpMc adsorption on 
artificial oeolites used by Potts and Gallagher 
(J. Biol. Chem. 1941, 140, oiu; 1942, 148, 561), 
whose preparations appear to the most active 
yet obtained (ac5tivity 450 pressor u|uts and 700 


oxytocic units per mg. respectively). These 
preparations are almost colourless, hygroscopic 
powders, evidently polypeptides with a molecular 
weight of 690-2,000 (Irving and du Vigneaud), 
stable in dilute acid and decomposed by alkali. 
Pitressin is hydrolysed to tyrosine, cystine, 
arginine, proline, and i^oleucino, whilst in 
pitocin leucine takes the place of ifloloucine; 
both give colour reactions for tryptophane 
(Stehlc and Trister, J. Pharmacol. 1939, 65, 343). 
Potts and Gallagher {l.c.) find that the pressor 
fraction yields more arginine than the oxytocic. 
Histidine and choline have been found amongst 
the hydrolysis products of pitocin (Freudenborg, 
Weiss, and Biller, Z. Physiol. Chem. 1936, 238, 
172); the same authors find that pitocin is in¬ 
activated by t5T08inase, which suggests that the 
phenolic grouping of tyrosine may be essential 
for oxytocic activity. 

The early suggestion of Abel (J. Pharmacol. 
1930, 40, 139) that the various effects of the 
posterior lobe were due to one hormone con¬ 
sisting of a largo “ mother molecule ” from 
whiclx pitocin, pitressin, and the antidiuretic 
factor were derived b}^ fission has recently been 
revived; a preparation possessing pressor, oxy¬ 
tocic, and renal activity in equal measure has 
been obtained by van Dyke, Chow, Greep, and 
Hothen {ibid. 1942, 74, 190) by suspending fresh 
ground posterior lobes of oxen in cold 0*01 n. 
sulphuric acid, centrifuging off inert material, 
and salting out with 8% of sodium chloride at 
pH 3-9. The precipitate was further frac¬ 
tionated by precipitation with various concentra¬ 
tions of salt until a homogeneous product was 
obtained, as evidenced by constant solubility, 
electrophoresis, and ultracontrifugation data 
(0-7 g. from 1 kg. of glands). This had an iso¬ 
electric point at pH 4*8 and a molecular weight 
of about 30,000 (determined by the ultra- 
centrifuge) or 26,000 (from the amino-nitrogen 
value, assuming one free amino group per mole¬ 
cule). The material contained little phosphorus 
and a high percentage of cystine (16%), reduc¬ 
tion of which caused almost complete loss of 
activity; the oxytocic activity was destroyed 
by trypsin and chymotrypsin, but not by pepsin. 

The pars intermedia of the pituitary produces 
only one hormone, the function of which in 
higher animals is not fully understood; in 
amphibia it causes the dispersion of the black 
pigment granules in the epidermal melanophorcs. 
An almost pure preparation of the hormone has 
recently been obtained (Landgrebe and Waring, 
Quart. J. Exp. Physiol. 1941, 81, 31). 

The anterior lobe of the pituitary is rich in 
hormones: six of these are generally accepted, 
namely the growth hormone, two gonadotropic * 
hormones, the lactogenic hormone, the thjnx)- 
tropic hormone, the adrenocorticotropic hor¬ 
mone ; there may be ^ a metabolic hormone. 
These are aU proteins in character and at least 
one has been isolated in the pure state, others 
nearly so. 

The growth hormone is obtained by extracting 
anterior lobes with either neutral or mildly 

* In the more recent reviews the terms gonadotrophic, 
thyrotrophlc, etc., have been used In place of gonado^ 
tropic, elc. The older terih has been retatned in the 
present article for the sake m unUbrmltF, 
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alkaline salt solutions (barium or calcium 
hydroxides, sodium chloride) and is freed from 
accompanying hormones by various methods, 
including ultracentrifiigation at a definite pH 
(White and Bonsnes, Endocrinology, 1940, 26, 
990), but a pure preparation has only recently 
been obtained (Li and Evans, Science, 1944, 
99, 183 ; Li, Evans, and Simpson, J. Biol. Chem. 
1945, 159, 353). The most active preparations 
have a molecular weight comparable with that 
of egg or plasma albumin, are destroyed by heat 
and proteolytic enzymes, and are apparently 
more stable to alkalis than acids. Administra¬ 
tion of the hormone produces a remarkable 
stimulation of botiy growth leading to gigantism 
(c/. Evans ei al., Mem. IJniv. California, 1933, 11, 
446). 

The gonadotropins are distinguished as the 
folhclo-stimulating hormone (FSH), causing 
growth of ovarian follicles and of the male germ 
cells, and the interstitial-cell stimulating or 
luteinising hormone (ICSH, LH), which causes 
the growth of corpora lutea in immature female 
animals and the growth of seminal vesicles and 
the prostate in males. These gonadotropins 
correspond roughly to Prolans-A and -B of 
Zondek {see Hormones, Vol. VI, 266(i), but the 
term Prolan has been abandoned because it had 
also been applied to a hormone extracted from 
pregnancy urine which has since been shown to 
originate in the placenta (chorionic gonado¬ 
tropin, PU) and to have no action on hypo- 
physectioraised animals. A potent gonado¬ 
tropin (PMS) has also been obtained from the 
serum of pregnant mares; it is said to be derived 
from the endometrium (H. H. Cole and H. 
Goss, “ Essays in Biology,” University of Cali¬ 
fornia Press, 1943, p. 103). 

ESH occurs in the urine of women after the 
menopause, but has not been isolated from it in 
the pure state; the best sources are sheep or 
hog pituitaries. It is assayed by the increase 
in weight of ovaries of hypophysectomised 
animals; if purification is complete, the prepara¬ 
tion does not cause the formation of corpora 
lutea in such animals, an effect due to ICSH. 
Three groups of workers claim to have isolated 
substantially pure ESH (Creep, van Dyke, and 
Chow, J. Biol. Chem. 1940, 133, 289; Endo¬ 
crinology, 1942, 80, 636; Jensen, Tolksdorf, and 
Bamman, J. Biol. Chem. 1940, 135, 791; 
Fraenkel-Conrat, Simpson, and Evans, Proc. 
Soc. Exp. Biol. Med. 1940, 45, 627). ICSH 
has been isolated by Van Dyke et al. and by 
Evans et al., who regard their preparations as 
pure on the strength of electrophoretic, ultra- 
centrifugal, and solubility data, while Eevold 
(Ann. New York Acad. Sci. 1943, 43, 321) has 
obtained an oven more potent preparation of 
ICSH which is not, however, claimed to be a 
pure protein. In the same paper a comparison 
of the different methods of isolation is given; 
these are based on the extraction of the glands 
with dilute sodium chloride or with 40% 
alcohol, followed by fractional precipitation. 
For the final separation of FSH and IC^H 
* advantage is taken of the different solubilities 
of the two gonadotropins in solutions of am¬ 
monium sulphate (Fevold) or sodium sulphate 
and acetate buffer (Chow, ibid. p. 309). It 


should be noted that as the starting materials 
of the different groups of workers and also their 
methods of assay are different, their results are 
not strictly comparable, especially in view of the 
undoubted species specificity of several of the 
pituitary hormones (c/. Fraenkel-Conrat, Annual 
Review Biochom. 1943, 12, 273). The gonado¬ 
tropins are both glycoproteins although they 
differ in their carbohydrate content; they are 
inactivated by proteolytic enzymes and by 
keten, FSH also by cysteine (Chow, l.c.). The 
secretion 6f gonadotropins can be influenced by 
the administration of steroid sex hormones, but 
the relationship is not a simple one. 

Prolactin (mammotropin, lactCgenic hormone) 
is the hormone responsible for mammary growth 
and lactation, although it is only active after 
previous treatment with oestrogens; it can be 
assayed owing to its action on the crop gland of 
pigeons and appears to be the hormone respons¬ 
ible for “ broodiness ” or nesting instinct of 
birds and the maternal instinct of mammals. It 
has been obtained pure {cf. White, Ann. New 
York Acad. Sci. 1943, 43, 341) by precipitation 
j of an acid-acetone extract of beef pituitaries 
j with acetone (the method originally due to 
I Lyons, Proc. Soc. Exp. Biol. Med. 1937, 85, 645), 
the precipitate being extracted with water and 
again precipitated. An alkaline extract of this 
preparation is adjusted to pH 6*6 and treated 
with ammonium sulphate, precipitating the 
adreno-corticotropic fraction, the solution ad¬ 
justed to pH 5-4, and the precipitation repeated 
several times. Finally, salts are removed by 
dialysis and the substance dried with acetone. 
It can be crystallised, but this does not increase 
the activity and repeated crystallisation appears 
to denature it. The isoelectric point of prolactin 
is pH 5-7 and the molecular weight about 36,000 
(by sedimentation), while calculations based on 
the amino-nitrogen content give a lower value, 
25,000. Prolactin is digested by both pepsin 
and trypsin and is inactivated by keten and 
nitrous acid. On hydrolysis it yields 6-6% 
tyrosine, 3-4% cystine, 4*3% methionine, and 
8-3% arginine (Li, Lyons, and Evans, J. Biol. 
Chem. 1941, 149, 43); the sulphur content is 
about 2% (White, l.c.). 

A connection between the function of the 
pituitary and the thyroid in a number of animals 
has been known for some time and there is 
evidence to show that a pituitary hormone 
affects the thyroid by way of the blood stream 
without the intervention of the nervous system. 
The isolation of the thyrotropic hormone is due 
to several groups of workers (Fevold; Jensen ; 
White; and Fraenkel-Conrat, with their as¬ 
sociates) and the purest so far obtained behaves 
as a homogeneous compound in the sedimenta¬ 
tion test and in the ultracentrifuge. This was 
prepared by the extraction of frozen and ground 
pituitaries with 2% sodium chloride at pH 7*8, 
removal of accomp^ying products by precipit/a- 
tion with acetone at pH 4-1, and the addition of 
more acetone, which brings down the thyrotropic 
hormone. The solid was again dissolved in 
water, more material removed by 5^ lead 
acetate at pH 7 0, then with trichloroacetic acid* 
the solution being finally purified by (lialyids 
and concentrated (Cieroszko and Whitis, ]?Wera- 
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tion Proc. 1942, 1, 105). The dry product is a 
white solid, which is a protein and gives a 
positive carbohydrate test. It is suggested that 
the action of the hormone consists in the control 
of the iodine uptake by the thyroid gland and 
of the conversion by the latter of di-iodotyrosine 
into thyroxine, a view supported by experi¬ 
ments with radioactive iodine (Morton, Perl¬ 
man, and Chaikoff, J. Biol. Chem. 1941, 140, 
603). 

Removal of the hypophysis leads to degenera¬ 
tion of certain portions of the adrenal cortex 
giving rise to symptoms of adrenal deficiency 
and emaciation. The opposite symptoms, 
i.e., adiposity (Cushing’s syndrome), are found 
associated with tumours of the adrenal cortex or 
of the anterior lobe of the pituitary. The 
symptoms of emaciation are alleviated by 
the administration of pituitary extracts and 
the most potent fractions are contained in the 
mother liquors of the thyrotropic hormone 
(adrenocorticotropic hormone, ACI’K). Prom 


these, products were ultimately obtained which 
behaved as homogeneous compounds as regards 
solubility and on electrophoresis and ultra- 
centrifugation. They had a molecular weight 
of the order of 20,000 and an isoelectric point at 
pH 4-7 (Bates, Riddle, and Miller, Endo¬ 
crinology, 1940, 27, 781; Li, Simpson, and 
Ev^ans, Science, 1942, 96, 450). 

The existence of a separate metabolic hormone 
in the pituitary has been the subject of much 
work, but cannot be regarded as certain; 
a number of other functions of the gland in 
regulating different vital processes are beyond the 
scope of this article. 
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Electron-volt, 526c 
“ Enzyme, respiratory,” 1666 
Enzymes, copper-containing, 
1666 
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Fatty acids, polyethenoid, 13d 

-, —, detn. by extinction 

coefficients, 2d, 14c, 27d 
-, —, — with maleic an¬ 
hydride, 14c, 61c 

-, —, marine animal, 14d 

-^ j vegetable, 13d 

-, removal by distillation, 

426 

-, saturated, 10c 
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-, structure, 106, d 
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F^alite, 93a 
“ Ferroin ” indicator, 148c 
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— oils, sulphated, 51c 
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Flavicidin, 2696 
Flavin-adenine dinucleotide, 

164c 

— dinucleotides, 164a 
Flavoproteins, 163d, 164a 

— in respiration, 104d 
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Flow sheet (phase rule), 457d 
Fluorapatite, 482d 
“ Fluorite” 6116 
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416, d, 42a, 57c 
Forsterite refractories, 93a, 6 
Franck - Condon Principle, 
631a 

Freon” 313d, 396c 
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-in whale oil, detn., 58a 

“ Fugitometer,” 686c, d 
Fuller’s earth, 6316 
Fumigants, 312a 
Fumigation, phosphine, 516d 
Fungicides, 4006 
Furnace oils, 3196 
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Gadoleic acid, 12a 
Gallocyanines, 151c 
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Gasification of solid fuel, 
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Gas oils, 390c 
Gasoline, 874c 
—, airplane, 382c, 883a, 3846 
—, —, alkylates, 3836 
—, catalytically cracked, 844d, 
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treated, 344a 
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377c 

—, gum detn., 376a 
—, — inhibitors, 3816 

— hydrocarbons, 3766, 377d 
—, olefin removal from, 3446 
—, polymer, 352c, 377c 

—, polytreating, 3446 
—, proi>erties, 375c 
—, reformed, 339a 
-—, Reid test, 376a 

— substituents, 387c 
Geyserite, 97d 
Gibbs energy, 2386 
Ginger oleo-resin, 906 
“ Glassine” 232c 
Glyceride separations, 70a 
—■ — by hydrogenation, 70c 
Glycyphyilin, 481c 
Gnoscopine, 112c 

Gorlic acid structure, 126, 13a 
Gossypol, 42d 
—, detn., 58d 
Graham’s salt, 510a 
Graphite, 640d 
Graphitic oxides, 177c 
Greases, 29d, 406 
Green acids, 398d 
—, Emerald, 639a 
—, Malachite, dye, 039a 
—, Ririmann’s, 639a 
—, Scheelo’s, 639a 
—, Viridian or Guignet’s, 639« 
Greens, Brunswick, 638a 
—, chrome, 638a 
—, — oxide, 638a, d 
—, copper, 639a 
—, zinc, 638c 
“ Gregory’s salt,” 103a 
Groundnut, peanut or earth- 
nut oil, 226, 53a, 55a 

— oil, hydrogenated, 22d, 53c 
Grotthus-Draper law, r)42a 
Grinding pigments, 6256 
Gi?-5, 397c 

Grugru fat, 176 
Gurgi nut fat, 206 
Gypsum, 6306 


H 

Halation, 5536 

Half-life of molecules, 5336, 
542a 

Halphen's test, 71c 
Heavy spar, 630a 
Heliotropin, 286c, 649c 
Helium, natural gas, 3726 
Hemp-seed oil, 26d, 276, 55c 
n-Heptaldehyde, 283c 
” Heroin,” 105d 
Hesperidin, 2016, d 
y - Hexachlorocycfohexane, 
311a 

Hexadecenoic acid, 6d, 86, 
10c, 37a 

-, structure, 12a 

Hexa-ethenoid acid, 156 
Hexahydroxybenzene, 479a 
Hormone, metabolic, 660c 

— of growth, 658d 

— FSH, 0696 

Hormones, pituitary, 658c 
Horse body fat, 806 
Hue of pigments, 624c 
Human milk fat, 81d 


Humboldtine, 149a 
Hurter and Driffield curve, 
647c, 667a 

-gamma, 668a 

Hydnocarpus oil {see also 
Chaulmoogra oil), 2la, 56c 

-in treatment of leprosy, 

12d, 216 

Hydro-codimer, 352a, c 
Hydrocotarnina, 11 Id, 114d 
Hydrocyanic acid, 312a 

-warning gases, 312a 

Hydrogen acceptor, 1606 
Hydrogenation, destructive, 
363d 

— of imsaturates, 363a 
Hydrogen donator, 1606 

— halides, ultra-violet absorp¬ 

tion spectra, 534a 

— overpotential, 142c 

— peroxide of crystallisation, 

2956 

— phosphide, solid, 616a 

— production, 366a 

— transportaso, 1606 

Hydroperoxides, 2966 
Hydroquinone, 476c 
Hydroxonium ion, 176a 
Hydroxy-acids detn., 64c 
Hydroxy-alkyl hydrogen per¬ 
oxides, 296c 

Hydroxycitronellal, 284c 
a-Hydroxyethyl hydrogen per¬ 
oxide, 296d 

12 - Hydroxy - - octa - 

decenoic (ricinoleic) acid, 
13c 

Hypophosphoric acid, 5066 
Hypophospborous acid, 507c 
Hypophysis cerehriy 658» 


1 


Illip4 butter, 206 
” Indalone” 312c 
Indanthrene pigments, 846d 
Indicators, 4246 
—, colour changes, 421a, 4246, 
4286 

—, comparators, 428c 
Indole, 289d 
Induction period, 642a 

-in fat oxidation, 486 

-Ita + Cl* reaction, 535a 

Infrasizer, 242d 
Infusorial earth, 91 d 
Inner light filter, 5426 
Insecticide dispersal, 312d 
—, naphthalene, 312c 
—, nicotine, 305a, d 
—, Paris Green, 304a 
Insecticides {see also Post con¬ 
trol), 4006 
—, arsenate, 8046 
—, arsenite, 3046 
—, contact, 305a 
—, copper and sulphur, 3086 
—, ethylene oxide, 812c 
—, fluoride, 304d 
—, halogenated hydrocarbons, 
3126 

—, hydrocarbon, 307c 
Insecticide sprayers, 8136 
Insecticides, stonaach, 304a, 
3()5a 

—, synthetic organic contact, 
SOSd 

Insect pests control, S02d 
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Insect repellents, 312c 
Insulating oils, 4005 
Iodine V^ue, Hanus, OOdJ 

-, Hiibl, QOd 

-, Kosenmund - Kuhnhenn, 

60d 

-, Wijs, 605 

Ionic activity coefYlcient, 141a 

— mobility and electrophoretic 

effect, 05a 

-time of relaxation, 955 

lonones, 2875 
Iron-porphyrin, 165d, 1665 

— oxide pigments, 63Id 

—, removal from water, 514a 
Isohydry, 424d 

Isomerisation with alumi¬ 
nium chloride catalyst, 361a 


J 

Jaggery, 212a 
Japan wax, 165 
Jasmone, 287d 
Java almond fat, 165, 205 


K 

Kanya fat, 205 
Kapok oil, 24c, d, 535. 55c 
Kerosene, 380c 
Keto-elaeostearic acid, see 
Licanic acid 
Ketone peroxides, 298c 
4-Keto-J®' - octadecatri- 
enoic (licanic) acid, 95, 
135, Ud, 28a. 81a 
Kieselguhr, 97d 
Kirschner Value, 68a 
Kleeman formula, 225c 
Knocking of gasoline, 375a 
Knotting, 207a 
Kohlrausch law of indepen¬ 
dent migration of ions, 
140d 

— square root law, 94d 
Kokum fat, 20a 
“ Kraft ” pulps, 219a 
Kreis-Kerr test, 495 
Kiirrol salts, 5115 


L 

Laccase, 166c 
Lackmoid, 150c 
“ Lacquer,*’ 203c 
Lactoflavin, 163d 
Lakes, 623c 6425 
— from acid dyes, 6435, 645a 

-anthraquinone, 6465 

-bases, 643c 

-basic dyes, 645d 

-, formulse for, 645d 

Lambert-Beer law, 241c, 243d 
Lanolin, 315 
Lanthopine, 104a, 115a 
Lard, characteristics, 28c, 53c, d 
—, crystallisation 53c, 70d 
“ Lard, neutral,” 39d, 405 
Laudanidine,” 104a, 113d 
Laudanine, 104a, 113c 
Laudanosine, 103d, llda 
L^urio acid in fate, 175, 18c 

-syntheses, lOd 

Laurite, 138d 
** Laaseto New,'* 312o 


Law of mass action for activi¬ 
ties, 140d 

-rectilinear diameters, 1325 

Lead sulphate, basic, 627a 
Leai pigments, 692d 
Lecithin detn., 585 
Lemon chrome, 634c 
Levigating pigments, 6255 
Licanic acid {Licania rigida), 
95, 135, 14d, 28a, 81a 
Liebermann-Storch test, 72c 
Light-Jading prevention, 590c 
Light-fastness and humidity, 
589a 

— --hydrogen peroxide, 

5895 

-of dyes, 585d, .587d 

— sources, photochemical, 5275 
Linalyl acetate, 288c 

Linde oxygen process, 183c, 
185a 

Linoleic acid, 24a 

-, distribution, 14a 

-, reactions, 135 

-, structure, 135 

Linolenic acid, 26a 

-, reactions, 145 

-structure, 135 

Linseed oil, boiled, 265 

-“ break ” test, 41a, 59a 

-, characteristics, 27a, 535, 

55c, 62a 

-, components, 26a, 27a 

-, distribution, 27a 

-, i)olymerisaiion, 50c 

Lipase, 44c, 45a, 46d 
Lippmann process, 577c 
Lithopone, 627d 
Liver-fats, 7d 
Logwood lakes, 642c 
Lubricating oils, 392a 
Lximhang (candlenut) oil, 26c, 
275 

” Luminal,** 466c 


M 

Mackey test for spontaneous 
heating of oils, 765 
Macleod's rule, 225c 
Maclurin, dyestuff, 825 
Maddrell salt, 5095, 510d 
Magnesite, 630d 
Magfnesium peroxide, 298a 
Mahogany acids, 398d 
Maize (corn) oil, 25c, 53a, 
55a 

Malahar tallow, 205 
Malachite (min.), 639a 
Male fern oleo-resin, 90c 
Maleic Anhydride Value 
(M,A.V.), 61c 

Malonate reagent in cell meta¬ 
bolism, 161d 

Margarine, 17c, 27a, 295, 3Id, 
44c 

Mean ionic activity, 417c, 4245 

-strength, 4245 

Meconic acid, 99c, 1155 
Meconidine, 115a 
Meconine, 99c, 1125, 1155 
Meconoisin, 1155 
Medium (vehicle), 2035 
Meso-compound, 117d 
Meta and polyphosphates of 
calcium, 6125 

Metaphosphoric acid, 506a 
Metaphosphorous acid, 507c 
Methiamoglobin, 166a 


666 

p - Methoxyucetophenone, 

286d 

p - Methoxyphenylacetalde - 
hyde, 285a 

Methyl anthranilate, 2895 
—- benzoate, 2895 
6-Methylcoumarin, 2905 
Methyl heptyne carboxylate, 
2895 

— hydrogen peroxide, 2965 
Methylionones, 287o 
Methyl iV-methylanthranilate, 

289c 

— j8-naphthyl ketone, 287d 

Methyl - n - nonylacetalde - 
hyde, 2845 

Methyl salicylate, 288c 

— n-amyl ketone, 286c 
Mitscherlich pulp, 219d 
Molozonides, 198c 
Molybdic acid catalyst, hydro • 

cracking, 364a 
Monochromator, 5425 
Monosodium phosphate, 495d 
Montmorillonite, 369d 
Morin, synthesis, 81 d 
Morphine, assay in opium, 
104a 

—, constitution, 106c 
—, diacetyl (diamorphine), 
105d 

— in opium, 995, c, 1005,1015, d, 

102c, 103a, d, 104a, 105a, 5 
—, properties, 1065 
apoMorphine, lOCa 
pseudoMorphine, 103d, 109d 
Morse equation, 5425 
Motor fuel, 374 a 
Mowrah fat, 205 
Murumuru fat, 175, 18c 
1-Muscone, 291a 
Musks, artidcial, 289d 
Mustard oils, 23a 
Mutton tallow, component 
acids, 7a, 285, 30a 
Myristic acid, distribution, 9a, 
10c, 18c 

Myristoleic acid, 12a 


N 

Naphthenes, 3205 
Naphthenic acids, 323a, 400a 
/3-Naphthol, ethers of, 2835 
Naphthophenoxazine dye¬ 
stuffs, 150d 
Narceine, 103a, 113d 
—, reactions, 114a 
Narcotine, 995,103a, 5, d, 1055 
111c 

Narcotoline, 113a 
Natural fatty acids, see Fatt> 
acids 

Neats’ foot (trotter) oil, 31a 
“ Nembutal,** 270a 
Neopine, 109d 
“ Neoprene ** rubber, 397c 
Nernst equation of electrode 
potential, 141c 
Nerol, 281d 
NeroUdol, 2825 
Nervonic acid in brain cere- 
brosides, 12a 
Neuher^ chalk, 6315 
Neutralisation of acids and 
bases, 424d, 425c 
Nickel, detn. in oils, 54d, 596 
—oxide, NIO, composition, 177a 
Nico irism 116d 
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Nicotinamide, 165c 
Niffer-seed oil, 255, d 
Ni&o-parafdns, 396d 
n^Nonaldehyde, 283d5 
n-Nonyl alcohol, 2815 
Nutmeg fat, 19a 
Nut oil, alcohols and detergents 
from, 17c 


O 


Octadecadienoic acid 

(animal), 75 

cis - cisA^> ^^-Octadecadienoic 

(linoleic) acid (seed fats), 
135 

Octadecadienoic acids, iso¬ 
mers, 135, 14a 

j9, 11 ,13 „ Octadecatrienoic, 

(elsDostearic) acid isomers, 
135, 276 

12.16 _ Octadecatrienoic 

(linolenic) acid isomers, 
135, 20a 

cis - J® - Octadecenoic (oleic) 
acid, 105, 11a, 21d 
Octadecenoic acid, structure, 
11a, 12a, 5 

n-Octaldehyde, 283c 
Octane numbers, A.S.T.M., 
3755, 379a 

zsoOctanes from butanes, 352c 
Octylphenols, 4745 
Odoriphores, 135d 
CEnanthol, 283c 
Oil absorption, 203a 
Oil-emulsion hnish, 206d i 
Oil refining, alkaline, 415, 
309o 

Oils, see also Fat analysed; 

Fats; Fatty acids 
—, by-product, analysis, 505 
—, “ drying ” {see also Fats, 
unsaturated), 26a 
—, —, cyclic polymers, 50a 
—, —, effect of heating {see also 
Fats, unsaturated), 49d, 
60c 

—, —, “ hydrogenation - crack¬ 
ing,” 60a 

—, —, “non-drying” and‘‘semi- 
drying,” 24a 

—, —, oxidation, 47a, 49d 
—, —, thermal polymerisation, 
50a 

— (fatty) and fats, la 
-, technical analysis, 

52c 

—, fish, analyses, baskingshark, 
coalfish, cod, dogfish, hake, 
halibut, herring, ling, pil¬ 
chard, sardine, salmon, S4a 
—, —, and marine animal, 
analyses, 7a, 84a, 37a, 68c, 
54a 

—, fish body, hydrogenated, 
35c 

—f —» glycerides, 36a 
—, — liver, 65, 84a, 64a 
'—, hardened, detection, 64d, 
695 

—, paint industry, 66a 
—, spontaneous heating, see 
Mackey test 
—, stand, 26c, 606 
—, sulpbated (sulphonated), 516 
—, sulphur, 666, 68c 


Oils, vegetable, analyses of 
arachis, castor, cotton, 
hemp, Impok, linseed, 55a, c 
—, —,-hydnocarpus, sun¬ 

flower, teaseed, tung, 66a 

—, —,-maize, oiticica, 

olive, perilla, poppy, rape, 
sesame, soya, 55c 
—, vulcanised, 52a 
Oilseed cakes, 39a 

-, toxic, 395 

Oiticica oil, 14d, 28a, 535, 55a, 
80d 

Okra fruit, Gumhaut^ Gumbo, 

81a 

Old fustic, dyewood, 81c 
Olefin hydrocarbons, 3205 

Olefins, 82c 

—, additive reactions, 86a 

— and polymerisation cata¬ 

lysts, 85d 

— as alkylating agents, 87c 

— from ” cracking,” 83d 
—, isomerisation, 82c, 845 
—, ozonides, 88a 

—, polymerisation of high- or 
low-molecular, 85a 
—, 9 preparative methods, 82d 
—, production, 3395 
—, potato - growth stimulants, 
400d 

—, substitution in, 88d 
Oleic acid, 105, 11a, 21d 

-, reactions, 115 

-, stereoisomers, 115 

-, synthesis, 11c 

Oleines (oleins), B3c, d, 64a 
Oleoeuropein, 91a 
Oleo oil; oleo stearin, 40c 
Oleo-resins, 89c 
Oligoclase, 90c 
Olive {Olea europoBa), 90c 

— oil, 91a 

-, adulteration, 64a, 925 

-, characteristics, 22a, 535, 

55a, 91d 

-, extraction, 87d, 915 

-, unsaponifiable portion, 

22a, 925 

-, uses, 215, d, 925 

Olivenite, 92c 
Oliver’s bark, 92d 
Olives, vitamin--4, 91a 
Olivetoric acid, 92d 
Olivine, 93a 

Ongokea diacetylenic acid, 135 
Onion {Allium cepa), 93c 
—, vitamins. 945 
Onolrite, 945 
Ononin, 945 
Ononis root, 945 
Onosma echioides, 94c 
Onsa^r equation for strong 
el^trolytes, 94c, 140d 
Onyx, 975 
OoUte, 975 
Oped, 97o 

Opianio acids, 98a, 1125 
Opiaurin, 985 
Opium, 965 

—alkaloids, manufacture, 102a, 
d 

— components^ 99o 

— legislation, 106a 

—, minor alkaloids, extraction, 
1030 

—, physiological action, 1205 

— production, 100a 
0|dum-smokliig, 09a, l02o 
Optical activity, 1164 


Optical activity and circular 
dichroism, 1195 

-molecular structure, 

1175 

-in photochemical syn¬ 
theses, 1185 

-, molecular theories, 118c 

-of inorganic molecules, 

118a 

-c 2 /cfoparaffins, 118a 

— isomers, resolution, 116a, 

1185 

— rotatory power, 116a 
Orange, il9c 

— Chromes, 634c 

— flowers, leaves, oils of, 120d 

— Lead, 636d 

—, ” navel,” 119c 
—, Palatine, 120d 

— pectin, 1205 

— peel pigments, 1205 

—, ripening changes, 1205 
—, — with ethylene, 1205 
—, Salicylic, 120d 
—, vitamin-C, 120c 
Orangite, 120d 
Orbitals, electronic, 120d 
Orcein, i20d 
Orchil, 121a 
Orcin, 121a 
Orcinol, 121a 
Ordeal bean, 121a 
Order of bonds, 1295 
Orientation at surfaces, 1295 
Origanene, 1295 
Origanxim oils, 1295 
Ormosine, ormosinine, 1295 
Ornithine, 1295 
—, detn., 130a 
—, identification, 1305 
—, isotopically labelled, 130a 
/-Ornithine, metabolism, 129d 
d/-Ornithine, synthesis, 130c 
Omithuric acid, 1295, 1305, 
131o 

Orpiment, 131a 
Orris root, 1315 
Orsellinic acid, 1315 
Orthite, 1315 
Orthobaric density, 131c 
'*Orthocainey'* 1325 
Orthoclase, 1325 
Orthodene, 132d 
**Orthoform, New,^^ see Ortho- 
caine 

Orthohydrogen, 132d 
Oryxamn, lS3a 
Osage orange tree, 133a 
Osajm, isoOsajin, 133a 
Osazones, 133c 
Oscillator, energy, 133c 
Osmate, potassium nitroso- 
chlor-, 135a 
Osmiamic acid, 1355 
Osmio acid, chloro, salts, 134a, 
d, 135a 

Osmirldium, 138c 
Osxnitxm, 133d 

— carbonyls, 135c 

— chlorides, 136a 
—, detection, 136c 

— dioxide, 134o 

— fluorides, 134d 

— nitrite, 1355* 

— tetroxide, 134c 
Osmocyamdes, 185e 
Osmometers, 188 c 139c 

—, diffusion of polymers in, 
139d, 140a 

—, membrssieB fof, 189c 
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Osmophores, 135<2 
Osmotic pressure, 135<i 

-and molecular weight, 136d 

-Van’t Hoff equation, 

137a 

-vai>our pressure, 137d 

-, definition, 136a 

-, interpretation, 140a 

-of high polymers, 137a, 

138c 

-, origin, 136o 

Osones, 140c 

Ostwald dilution law, 140c 
Otavite, 1416 

Ouabagenin, ouabain, ouabaio 
tree, 1416 

Overpotential, 1416 

— and catalytic poisons, 1446 

-temperature, 144a 

—, growth and decay, 1446 
- of deuterium, 144d 
Overvoltage, 141c 
Oxalates, 148d 
Oxalic acid, 147c 

-, detection, 147d 

-, detn., 1486 

-, — in urine, 148c 

-from moulds, 1476 

-, photo - decomposition, 

147c 

N:N'-Oxalyl urea, 22r>a 
Oxazine dyestuffs, 1496 
“ Oxford unit,” 271d 
Oxidase, amine, 167a 
—, —, inhibition, 1676 
—, ascorbic acid, 166d 
—, cytochrome, 106a 
—, diamine, 1676 
—, polyphenol, 166c 
Oxidases, 164a 
—, aerobic, IGOa, 1656 
—, amino-acid, 165a 
—, anaerobic, 160a 
Oxidation, direct, 176a 
—, hydrocarbon, 178a 
Oxidation-reduction poten¬ 
tials, 154a 

Oxide pigments, British Stand., 
6346 

Oxides {see also Peroxides), 
176c 

—, graphitic, 177c 
—, metallic, 177<i 
—, non-stoicheiometric, 1776 
Oxonium salts, 176a 
Oxozonides, 201c 
Ox, pig and sheep depot fats, 
306 


” Oxsorbent ” reagent, 179a 
Oxyacantbine, 157d 
Oxy-aoetylene descaling, 180c 

-— surface hardening, 180d 

Oxycoccicyanin, 16Sa 
Oxygen, 168c 
—, applications, 180c 
—, atomic, preparation, 1746 
'—, —, reactions, 174d 

— basis for atomic weights, 

172c 

— bonds, 176(i 

—, Claude process, 1846 
—, colloidal, 172c 

— crystal s^ctures, 1726 

—, desurfacing process with, 
180d 

-r-, detection and detn., 1786 
—, — of traces, 179c 
—, detn.« automatic, 179d 



Oxygen, detn., in compounds, 
180a 

—,-water, 1786 

—, electrolysers for, 191a 
—, electrolytic, 1706, 189d 

— for iron cutting, 186a 

—, Frankl regenerator, 188d 

— from electrolysis of barium 

hydroxide, 1706 

-L’ Air Liquide process, 

187a 

-liquid air, 183a 

-peroxides, 169d 

-potassium chlorate, 1696 

—, Heylandt process, 185c 
—, high-pressure electrolysis, 
191d 

—, history and occurrence, 

168c, d 

—, industrial, 186c 

— ions, 176a 

— isotopes, 172d 
-, detn., 173c 

-, exchange reactions, 173c, d 

-, radioactive, 175c 

-, sei>aration, 173 

—, Linde double column pro¬ 
cess, 185a 

—, Linde’s process, 183c 
—, liquid, 17lc 
—, litre weight, 170c 

— meter, magnetic, 179d 

— molecule, 1706 

— overpotenlial, 145c 

—, physical properties, 1706 
—, plants for liquid, 186d 
—, preparation, 109a 
—, —, accidente, 169c 

— production, 1826 
—, purity, 186a 

—, solid, 1726 
—, solubility, 171a 
—, spectrum, 170d 
—, storage and transportation, 
187d 

—, tetra-atomic, 1756 
—, ultra-violet absorption, 533a 
Oxyhsamoglobin, 191d 
” Oxyliquit,” 191d 
Oxynarcotine, 1136, 191d 
Oxypbloroglucinol, 191d 
Ozokerite, l91d 
Ozone, 192a 

— and halogens, 196a 

-organic compounds, 196d 

—, atmospheric, 1926 

— attack on rubber and grease, 

197a 

—, detection and detn., 197a 

— bleaching, 197a 

—, b.p. and critical properties, 
195c 

—, chemical properties, 195c 
—, chemiluminescence, 197a 

— from chemical reactions, 

193o 

-electrolysis* 1936 

— formed in ultra-violet light, 

1026, 193a 

— formulation difficulties, 1946 
liquid, 195d 

—, optical properties, 1956 
—, physical properties, 1946 
—, preparation, 1926 
—, pure, 193(f 

—, reaction with elements, 195d 

— sterilisation of water, 197a 
—, tjhernuil formation, 192c 
OaoiiidAa, 197d, 199a, 200a 
(SO«'O«Ollid08, 198o 


Ozonides and peroxides, 199a 
—, decomposition, 198a 
—, dimeric, 200d 
—, inorganic, 197d 
—, monomeric, decomposition, 
2006 

—, polymeric, 201a 
Ozonisers, industrial, 193d 
—, low temperature, 193a 
Ozonolysis, 197d 
— of triple bonds, 200a 


P 

Paint, covering power, 625a 

— oils, 56a, 

— spreading rate, 625a 
Paints, 202c 

—, antifouling, 2076 
—, boot-topping, 207c 
—, brushed, dipped or sprayed, 
207d 

—, decorative protective, 207a 
—, zinc oxide, 206c 
Palladic chloride, 210d 
Palladium, 208d 

— alloys, 2i0a 

— ammines, 211c 
—, detection, 21 Id 

—, dichlorodiammino-, 209a 
—, hydrogen absorption by, 209d 
-catalyst or filter, 210d 

— oxides, 2106 

—, properties, 2096 
—, pure, 209a 
—, separation, 2116, d 
—. uses, 2106 

Palladonitrites for electro¬ 
plating, 2 lid 
Palladous chloride, 210d 

— cyanide, 2116 

— sulphate, 2116 

— sulphide, 211a 

Palmse seed fats, babassu, 
cohune, griigru, mururauru, 
otiricoury, tucuma, 176 
Palmitic acid, occurrence, 106, 
196 

Palmitoleic acid {see also 
Hexadecenoic acid), 10c, 
12a 

Palm-kernel oil, 166, 176, 186, 
53c, 64c 

--^ crude, 54c 

-, extraction, 38a 

— --, olein, refined, 64c 

-, stearin, refined, 54o 

Palm oil, 166, 186, 64c, 211d 
-, extraction, 37d 

-, refined, 54c 

-substitutes, 17c 

— sugar, 211d 
Paludrine, 2126 
Pamaquin, 2126 
Panchromatic plates, 576d 
Peui mill, 206a 

**Pantocaine*^ 2126 
Pantoic lactene, 213a 
Pantothenic acid, 212c 

-as vitamin, 214c, 215a 

-derivatives, 2156 

-, detn., 218a 

-, isolation, 212d 

-, pharmacology, 215a 

-activity, 

— —, stereochemistry, 218d 

— —, synthesis, 213<s 
Pimtoyltaurin, 215c 
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Papain, 215o 
Papaveramine, 115a 
Papaveretum, 102c 
Papaverine, 1036,«?, 1056,1106 
—, synthesis, 1116 
“pseudoPapaverine,” 112df 
Papaver aomniferum var. albums 
and var. glabrum, 986 
Paper from pnlp, 219d 

— humidifier, 224a 
—, moisture in, 223d 

— sizing, 224c 
Papermaking, 215d 

—, duplex and triplex, 2236 

— vat, 223a 
Papyrus, 231c 
Parabanic acid, 225a 
Parachor, 225c 

—, additive properties, 22fia 
—,-, exceptions, 227a, 230a 

— and senii-polar double bonds, 

227d 

-structure, 229a 

—, effect of bonds on, 227d 

Paradol, 230a 

Paraffin hydrocarbons, 319d 

— oil, 389c 

Paredlins, dehydrogenation, 
353c 

isoParaffins, 357a 
Paraffin wax, 3926, 403d 

-coated paper, 414d 

-group, 404a, d 

— waxes, finishing, 406c 

— wax, pressing and sweating, 

405a 

-, solvent deoiling, 406a 

-, utilisation, 413c 

Paraguay tea, 2306 
Paramagnetism, 230d 
“ ParamoV' 230d 
“ Par amor fan,’’ 1066 
Paraxanthine, 231a 
Parchment, 2316 

— paper, 231d 

Parinaric acid, 136, 14d, 276, 
286 

“ Parkerising,” 233a 
Parmone, 233a 
Parsley, 233a 
—, essential oil, 2336 
—, fatty oil, 233c 
—, oleo-resin, 90c 
Parsnip, 2346 

Partial molar free energy, 
237d 

-properties of electrolytic 

solutes, 237a 

-quantities, 234c 

-specific heats, 2376 

-volumes, 235d 

-of electrolytes, 2366 

Particle size, 625a 

-, average, 243 

-by adsoriDtion methods, 

243a 

-centrifugal sedimenta¬ 
tion, 240c 

-cumulative sedimenta¬ 
tion, 240a 

-elutriation, 242c 

-hydrometer, 240d 

-incremental sedimen¬ 
tation, 240a 

-light - extinction sedi¬ 
mentation method, 2416 

-manometric method, 

241a 

-pendulum method, 

2416 


Particle size, by permeability 
methods, 2436 

-pipette, 2406 

-sedimentation, 239c 

-balance, 241a 

-turbidimetric method, 

243c 

-distribution, 239a 

-in the sub-sieve range, 

238c 

-of cement, 240d, 242c, 

243c 

Partition function, 244c 
Passivation, mechanism, 249c 
Passive metals and films, 248d 

— non-ferrous metals, 2486 
Passivity, 247c 

— and water-treatment, 251c 

— in electroplating, 2526 
-protective coating, 252a 

— periodic, and pulse trans¬ 

mission, 250d 
Patchouli alcohol, 252c 
Patina, 252d 
Patronite, 252d 
Patulin, 252d 

— against common cold, 254a 
Pauli Exclusion Principle, 2546, 

542c 

Paw-paw, papaya (see also 
Custard-apple), 2546 
Peach, Prunus pcrsica^ 2556 
Pea growth, effect of Zn or Ni, 
25Qb 

—, Pisum aatirum, P. arvensc, 

254c 

Pearl, 256c 

Pear, Pyrua communis, 256a 
Pea, vitamin content, 2556 
Pec tic acid, structure, 257c 
Pectin, 256c 

— araban, 256d, 258a 
“ Pectinase,** 257a 

Pectin as source material, 258c 

— galactan, 256d, 25Ba 
—, mol. wt., 2686 

—, preparation, 2586 
Peganine, 258c 
Pelargonenin, 258d 
Pelargonidin, 259a 

— ^-base, 260a 
—, sources, 259a 
Pelargonin, 260a 
Pelletierine, 260d 
Peltogynidin, 261c 
Peltogynol, ^2a 
PeniciUin, 262d 

Penicillinase,’' 264d!, 269a 
Penicillin, assay, 27Id 
—, —, chemical, 273a 
—, —, cylinder plate method, 
272a 

—, —, paper strip, 273(i 
—, crystallised, 267d 
—, dibydro P, 2096 
—, dosage, 274d 
—, extraction, 266d 
—, freeze*'drying, 267o 

— G, 2696, 271d, 274o 

— I or P, 2006 

—, international unit, 272a 

— K, 2096 

—, properties, 268a 
—, references, 268a 

— Regulations, 276c 

—, relative activity against 
organisms, 2746 
PexdcuUziB, differential assays, 
273c 

—, six 2696 


Penicillin stability, 2686 

-and pH, 268c 

—, structure, 270a 
—, synthesis, 2716 
—, veterinary use, 2756 
~ III or X, 2696 
Penicillium fermentations, 
263d 

Penicillium notaium - chryso- 
genwn, 263d 

Penicillium nutrient media, 
2646 

—, submerged culture, 266d 

— surface culture, 264d 
Penicilloic acid, 2706 
Penillic acids, 271a 
Pentamidine, 275d 
cyc/oPentenyl ring in fats, ]2d 
Pentlandite, 275d 
Pentobarbital, 276a 
Pentobarbitone soluble, 276a 
**PentothaU” 276a 
Peonidin, 276a 

Peonin, 276c 
—, synthesis, 277a 
Pepper, adulterations, 279c 
—, black and white, 2776 
—, long, 2806 
Peppermint, oils, 280d 
Pepper, Piper nigrum, 2776 • 
Pepsin, 280d 
Pepsinogen, 2S0d 
'‘Perabrodil,” 281a 
Peracids, 299d 
Perborates, 2956 
''PercaineP 2816 
Percarbonates, 2946 
Perchromates, blue and red, 
273d 

Per-compounds, 29Id 
Perezone, 2816 
Perfumes, synthetic, 281c 
“ Pergamyn,” 232c 
Peridot, 936, 2916 
Perillaldebyde, 291c 
PerHla oil, 20c, 536, 556, 2916 
Perillyl alcohol, 291c 
Peritectic reaction, 291c 
Permeability, Kozeny equa¬ 
tion, 2436 

Permolybdates, 294a 
Permonopbospboric acid, 
295a 

PernoctonP 291c 
“ Peronine,” 105d 
Peroxidase, 166a 
Peroxides, alkali metal, 291 d 
—, alkaline earth, 292c 

— and peracids, inorganic, 291 d 

— -, organic, 295c 

—, formula, 177a 

— of cyclic ketones, 298a 
—, organic, analysis, 295c 
—, —, transannular, 295d 
—, polymeric, 299a 
Peroxide value of fats, 49a 
Persian berries, 3006 
Persimmon, 3016 
PersulphatSS, 2946 
Peruranates, 2946 , 

Peruviol, 301d 
Pervitin, 301d 

Pest control, 301d 

-, biological, 802d 

-, chemical, 803d 

-, mechanical, 8086 

Pests of stored food, 802a 
—, rodent, 814a 
Petalite, 814d 

Pethidine hydrochloride, 814d 
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Petrol, ^ee Gasoline I Phenacetin, 459<? | Phosphorus sulphochloride, 

Petrolatums, 3Qib Phenacite, 459c 521a 


Petrolatum waxes, 4046, 406d 
Petroleum, 315a 

— aromatics, 321a 
—, ash content, 321 a 

— ceresins, 4046, 400d 

— , chemical products, 396a, 

398a, 899a 

—, composition, 3186 

— cracking, 325a, 3306 

-, Dubbs i)roccss, 332d 

-for gasoline, 336a, 337a 

—, crude, 329a 

* - “ flash topping,” 3276 

— fractionation, 321a 

— fuel oils, 393a 

— gases, 37()c 

—, literature, 401 

— -, nickel content, 321c 

—, nitrogen compounds, 3226 
—, origin, 315d 
■—, oxygen compounds, 322d 
—, production, 317a 

— products, 3706 

— refining, 324d, 325a 
Petroleums, medicinal, 397d 
Petroleum stabiliser, 32«d, 

336d 

— stills, 325c 

-, flash chamber, 3356 

—, sulphur compounds, 322a 

— tests, 400d 

—, thermal cracking, 330d 

— treating, 325a 

—, vanadium content, 3246 
—, vapour-phase cracking, 3386 

— viscosity breaking, 3376 

— waxes, 3926, 403r2 

-, composition, 407c 

-, halogenation, 4136 

-, oxidation, 413a 

-, properties, 4096 

-, refractive indices, 410a 

-, solubility, 4106 

■-, tests, 407a 

Petroselinic acid, distribution, 
13a, 233d 
Petunidin, 416a 
Petunin, 416d 
Petzite, 417c 

pH and activity theory, 419a 

-precipitation, 427a 

-standard cells, 417d 

— controllers, 437a 

— detn., colorimetric, 4286 

-electrodes, 430a 

-, electrometric, 429c 

-, potentiometric, 434a 

-, recorders, 434d 

— during neutralisation, 4216 

— of carbonates and phos¬ 

phates, 428a 
-sulphides, 427d 

— replaced by mean ionic 

activities, 417o 

— scale, 419c 

— values, 417c 
Pharbitidin, 438c 
Phase-boundary potential, 

438c 

Phase equilibrium diagrams, 
4396 

— rule, 438c 

-and temperature, 445c 

-mixing of complexes, 4466 

Phellandrai, 459a 
a-PheUandxene, 4596 
6-Phellandrene, 4596 
Phemitone, 459c 


Phenanthraquinone, 4656 
Phenauthrene, 459c 

—' and derivatives, prepii., 460c 

— carboxylic acids, 405a 
—, reactions, 46Id 

—, sulphonation, 463a 
Pheuanthrols, 464c 
Phenanthrylamines, 4616 
Phenazone, 466c 
**Phenobarbitone,'^ 466c 
—, soluble” 466d 
Phenocyanine VS, 151d 
Phenol and homologues, 466d 

— (Carbolic Acid), natural, 170a 
Phenols, dibydric, 4750* 

monohydric, 469a 
—, —, characterisation, 469c 
—, —, sources, 470a 
—, number of isomeric, 466d 

— properties, 467a 
—, trihydric, 4776 
Phenol, synthetic, 470c 
—, p-ferf.-butyl-, 473d 

—, p-(aay 7 - tetramethylbulyl), 
4746 

—, uses, 471c 

Phenothiazine, 479a 
Phenylacetaldehyde, 28 Id 
Phenylacetic acid, 4796 
d/-Phenylalanine, 480c 
I-Phenylalanine, 479d 
/9-Phenylethyl alcohol, 282c 
Phenylethyleneglycol, 283a 
Phenylfsopropylamine, 162a 
Phloretin, 48ic 
Phloridzin, 481c, d, 4826 
Phloroglucinol, 478c 
Phosnicein, 4826 
Pheenin, 4826 
I Pholedrine, 482c 
I Phosphate rock, phosphorite, 
482c 

Phosphates, meta- and poly-, 
513a 

Phosphatides, la 
Phosphides, metallic, 510a 
Phosphine and flares, 514c 
Phosphines, mono-, second¬ 
ary, and tertiary, 523c 
Phosphine toxicity, 615a 
Phosphonium compounds, 
516a, 624d, 625d 
Phosphoric acid, 491c, 503a 
-, purification, 4956 

— acids, sodium salts, 508c 

— acid, uses, 496c 

-, wet-process, 492d 

Phosphorous acid, 500d 
Phosphorus allotropes, 483c 

— blast furnace, 487d 

— cyanides, 522a 

—, cyclic compounds, 5246 
—, electrothermal production, 
488^ 

—, elemental, 483c 

— furnace-slag, 491a 

— halides, 517a 

—, organic derivatives, 523c 

— oxy- and thio-lialides, 519o 

— oxychloride, 620a 

— pentachloride, 518c 

— pentasulphide, 6236 

— pentoxide, 499d 

— peracids, 6086 

—, radioactive, 486c 
—, red, 496d, 497d 
—, stereochemistry, 625c 

— sulphides, 622c 


—, synopsis, 482a 
—- tetroxidt>> 502a 
—, tc^xic properties, 4996 

— trichloride, 5186 

— trioxido, 501c 

— vapour, 484d 

-, thermodynamics, 485a 

—, white, 485^Z 
—, —, production, 486c 
Photochemical Equivalence 
Law, 542c 

— halogenisation, 5366 

— light sources, 5276, 5286 

— threshold, 542c 
Photochemistry, 526a 

— of aldehydes, 637c 

-ammonia, 538(Z 

-double bonds, 539c 

-dyes, 5416 

-hydrocarbons, 5376 

-ketontis, 5386 

-nitrogen dioxide, 539a 

Photo-dichroism, 5436 
Photo-dye copying, 574c 
Photographic chromaticity, 
5786 

— colour recording, 575c 

— developers, 560a, 5636 

— development, 655c, 559df, 

bOOd, 669a 

— dye-sensitisation, 576a 

— emulsion, 545c, 5466 

— emulsion coating, 55Id 

-, fme-grain, 5636 

-, grain-size, 547a 

-, hardening, 551c 

-, manufacture, 548a, 549a 

-, speed, 547c, 607a 

-supports, 554a 

-, isothiocyaniite sensitisers, 

549d 

— fixing, 563(i 

— latent image, 555d, 5576 
-, history, 554c 

— plan-copying, 6746 

— positives, 509a, 570d 
-,toned, 565c 

— printing paper, 550c 

— raw materials, 551a 

— reversal, 563c 

— sensitometry, 506a, 669d 

— washing, 565a 
Photography, 543c 

—, colour, coupling in tripack, 
58 Id 

—, dye-bleaching colour, 684c 
—, infra-red, 577a 
—, mosaic screen, 580c 

Photoflp:*avuro, 573c 
Photolithography, 5726 
Photo-mechanical processes, 
671d 

Photo-oxidation, 539d 

— . — of aryl hydrocarbons, 

641a 

— --ethylenic compounds, 

640c 

-rubrone, 540d 

Photosensitisation, 536c, 
541d, 642d, 584d 
Photosensitivity of dyestuffs, 

584d 

Photo-stationary state, 642d 
Photosynthesis in plants, 5926 

-- solar energy used, 

694a 

Photosynthetio formaldehyde 
assumed, 696a 
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Phototropy, 6436, 686a 
Phthalate bufter and standard, 
600c 

Phthalates, 6006 
Phthalic acid, 597c 

-and anhydride, chemical 

properties, 6096 

-, detn., 6026 

-, dibutyl ester, 61 Od, 612a 

-, dimethyl ester, 611c 

-esters, acid and neutral, 

610c 

™ uses, 611a 

— —manufacture, 603c, d 

-, catalysts, 0046 

-, process and ijlant, 

6056 

-, reactions in, 604d 

--, properties, 508a 

-, reactions, 608d 

isoPhthalic acid, 607d, 6106 
Phthalic acids, halogenatod, 
613d 

-, nitro-, 614c 

-, nuclear halogeno-, 613c 

-, sulpho-, 614d 

— anhydride and amines, 610a 
-Grignard reagents, 

609c 

-phenolphthalein, OOOc 

-in alkyd or glyptal resins, 

OOOc 

-resins, OOOc 

-, properties, 507d 

Phthalixnide, 615a 
Phthalocyanine catalysts, 
620c 

—, structure, 619c 
Phthalocyanines, 617c, 6186, 
647a 

—, properties and uses, 619a 
—, substituted, 618c 
“ Phthalone reaction,” 610a 
Phthalonitrile, 615d 
Phthalyl chloride, 013a 
**Physeterids” oils, 6c 
Picramnia app.t tariric acid, 96, 
13a 

Picrocellin, 6206 
Picrotin, picrotoxinin, 62Od 
Picrotoxin derivatives, 622a 
Pig body fat (lard), 7a, 28c, 
30c, 63c, d 

Pigment, chemical iron oxide, 
6336 

— dyestuffs, 644a, c 
—, oil absorption, 624d 
—, opacity, 624d 

—, staining power, 625a 
Pigments, 202d 

— and lakes, 6236 
—, luminous, 641d 
—, precipitated, 625d 
Pimento, 6476 

Pinacol-pinacoline transfor¬ 
mation, 648a 
Pinastric acid, 648a 
Pinchbeck, 648a 
Pineapple, 6486 
Pinenes, a- and p-, 648c 
Pinocampheol, 648d 
Pinocamphone, 6^a 
Pinocarveol, 649a 
Pinocanrone, 6<^6 
Pionry, purree, 6496 
Piperidine, 2796 
Piperine, 278d 
Piperit^, 6496 
Piperitone, 60o 
Piperonal, 849c 


Piqui-a fat, 166, 196 
Piqui oil, 650c 
Pisolites, 976 
Pitch, 650c 

— and tar, definitions, 6616, c 
—, brewer's or rosin, 655a, 656c 
—, hard, 6516 
—, methods of test, 6526 
—, no latent heat of fusion, 652a 
—, soft, 6516 
—, viscosity, 65Id 
Pitchblende, 6576 
Pitch-coke, 653d 
Pitches, less common, 655a 
—, woocl-tar, 6566 


Pitmtary gonadotropins, 659a 

— body, 658a 
Planck’s constant, 6266 
Flimi oil, see Oil, almond 
Poising action, redox, 157d 
Polarimeter, 117a 
Polarised light, 116a 
Polenske apparatus, 67a 

— Value, 31c, 68a 
Polymerisation catalysts, 1786 

of olefins, 348c 

-, catalytic, 349a 

, thermal, 348d 
Pomiferin, 133a 
Poppy-seed oil, 256, d, 55c 
“ Porphyroxine,” 110a 
Potassium jjalladocyanide, 
211c 


Premier jus, 296, 39d, 53d 
Primer, paint, 205c 
Primrose chrome, 634d 
Prolactin, 659c 
“ Promtnal,” 459c 
Propane, propylene, products 
from, 3976 

— solvent, liquid, 394a 
p - (SoPropylacetophenone, 
287a 


isoPropyl ether, 3976 
Protopine, 104a, 114d 
Prussic acid, 312a 
Purple oxides of iron, 6336 
Putty, 207a 
“ Pyrene/* 396c 
Pyrethrum, 306a 
—, assay methods, 306c 
P 3 n:*ocatechol, 4756 
Pyrogallol, 478o, 5606 
Pyrophosphate ester of 
aneurin, 165c 

Pyrophosphoric acid, 505c 
Pyrophosphorous acid, 5076 


0 


Quantum efficiencies, 529c, 
542c 

— theory, 526a 
Quercetin, 300c 
Quercitol, 479a 
Quinoline derivatives, 290a 


H 

Racemate mixture, 117d 
Radiant ener^ unite, 526a 
Radium, 657d 
Rag pulp, 216d 

Rancidity, detn* of peroxide- 
oxygen in, 76a 
—, hyifrolytic, 44d 
—, ketone, 49^ 756 
—, oxidative, 385, 47a, ABa 


Rancidity, oxidative,detection, 
detn., 49a, 76c 
Rape oil, 23a, 536, 55c 
Rayleigh law, 243d 
Red Chromes, 635a 

— Lead, 636c 

Redox and Van ’t Hoff iso¬ 
therm, 155c 

— free energy, 165a 

— indicators, 159c 

—, Luther’s rule in, 168d 

— oxidation process, 155a 
“ Redox ” i)otential, 1546 
Redox potentials, detn., 150c 

— poieniiometric titration, 

157c 

— reduction process, 154d 

— rll queried, 159a, c 

— standard potential, 155d 
Reformed gasoline, 839a 
Reichert Value, 68a 
Reichert-Meissl Values, 31c 
Reichert - Polenske - Kirsch 

test, 31c, 66d 
Resorcinol, 475d 
Respiration and cytochrome, 
164d, 106a 
Rhamnazin, SOOc 
Rhamnetin, 300d 
Rhamnus alternusy R. species^ 
3006 

Riboflavin, 163c 
Ricinoleic acid, 96, 13c 
Ring compounds, large, 290d 
Ritter-Kellner pulp, 219d 
Rodent pests, 302c 
Roller r^ls, 204c 
Rosin, detn., 76c 

— sizing, 221c 
Rotation, molecular, 117a 
Rotatory dispersion, 1176 
Rotenone, 306d 
Rubber seed oil, 26c, 27a 
Russian-leather odour, 2916 
“ Rutger*s 612,” 312c 


S 


” Sactolith/* 628c 
Safflower oil, 26d, 276 
Salnxon fat, 66 
Salt hydrates, 4476 
Salts, preparation, 460a, 454d, 
4556 

—, separation, 448c 
Satin White, 630c, 643d 
Scsurlet Chromes, 635a 
Sea-flares, 514d, 5166 
Seal blubber oil, 36a 
Sea water contamination detn., 
58a 


Seed-fats, component acids, 
8 c, 15d, 176 ^ 

Sequestwing ” Ca ions, 
512d, 613a 

Sesame oil, 256, 536, 55c 
Shade of pigments, 624c 
Shea fat, 20a, 6 
Sheep body fat, 296, 30a 
Shortenings,” 23a, 27a 
Silica in paints, 630d 
Skatole, 200a 
Slate powder, 63Xo 
” Soakhag ” in Reforming gaso¬ 
line, 389c 

Soditim carbonate and hydro¬ 
gen peroxide, 2956 
— metaphoaphate glasses, 610a» 



INDEX. 


Sodium tetrapolypliospbate, 
6126, SlSd 

Soil~particle size, A.S.T.M., 
240d 

Solvent extraction of petro¬ 
leum fractions, 3706 
Soya-bean oil, 27a, 29a, 53c, 
55c 

Specific rotation, 117a 

— surface, 24:3a 

Spectra, absorption, atomic 
effects, 527a, 533a 
—, fluorescence, 5326 
—, structure of absorption, 

5316 

Spermaceti, 30c 
Sperm blubber oil, 36c 

— head oil, 36c 
Sperm-whale oil, 66, 366 
Squalene, 356 
Stainers, 623c 
Stannic oxide, 620c 
Stearic acid, distribution, 9a, 

10c 

“ Stearins ’* (stearines), 20a, c, 
40c, 53c, d 

StilUngia sehifera, 166, 26c 
Stoke's law, 239d 
Stovin|^ materials, 204a 
Stronmim white, 6306 
Styrene from benzene, 3486 
Siij^den’s parachor, 226a 
Swar palms, 21 Id 
Sulphate wood pulp, 218d 
Sulphite wood pulp, 2106 
Sulphur, detn. in oils, 566, 59c 
Sulphuric acid treatment, 366d 
Sunflower oil, 256, 60c 
Superphosphate, 483a 
Sweetening, 3696 
Swelling pressure, 136a 
Synthetic rubbers, 397c 


T 

Tariric acid, 96, 13a 
Teaseed oil adulterant, 22a, 
64a, 72d 

-, characteristics, 22a, 53c 

56c, 64a, 72d 

“ Technicolor ” 681c, 683a 
Teleostid fish oil, 6a 
Tendering of dyed cotton, 
591d 

Terephthalic acid, 597d, 616d 
a-Terpineol, 2826 
Terpinyl acetate, 289a 
“ Terylene,** 017a 

_ Tetradecenoic (myrist- 
oleic) acid, 12a, 37a 
Tetraethyl-lead, 38 lo 
Tetrah 3 ^ogen diphosphide, 
615d 

1:2.'3:5 - Tetrahydroxyben - 
zene, 478d 

Thebaine, 103a, 6, c, 108d 
** Thebolactic acid,” 115d 
Theobroma cacao ^ 166 
Thermal reforming, 339a 
Thinners, 2046 
" Thiokol ’’ rubber, 397c 


Threshold treatment, 5146 I 
Thymol, 474c ' 

Thyroid, control of iodine in, 
660a 

Thyrotropic hormone, 659d 
Tin oxide, stannic oxide, 629c 
Tint of pigments, 624c 
Titanium oxide. 628c 

— o-peroxy-acid, 293c 

— peroxides, 2936 
Toddy, 212a 
p-Tolualdehyde, 284d 
Toluene from petroleum, 350c 
Tone of pigments, 624c 
Tonka bean oil, 23a 
Tractor fuel, 387c 
Treating petroleum distillates, 

3666 

Triacetone peroxide, 298c 
J®-Tridecenoic (gorlic) acid, 
126, 13a 

Triphendioxazine dyes, 152a 
Triptane motor fuel, 383c 
Tritopine, 113d 
Tucuma fat, 176 
Tiuig oil, characteristics (see 
also ElsBostearic acid), 14c, 
27d, 56c 
-gel, 50a 

-, optical properties, 2d, 

276 

-» polymerisation tests, 73d 

Turkey Red oil, 516 
Turpentine, 89d 
—, Chian, 89d 
—, Venice, 89d 
Tyrosinase, 166c 


U 

** Tiberspannung,” 142d 
Ultramicroscope, 239c 
n-Undecaldehyde, 284a 
Undercoatings, 206a 
“ Unsaponifl€d>le consti¬ 
tuents,” 16, 63a 
Unsaturation detn., 606 
—, mean, expression for, 35a 
Uranium, 657d 


V 

VI flying bomb, 384d 
V2 rocket, 182a, 385a 
Vaccenic acid, 126, 29d 
isoValeric acid, 6c 
Vanillin, 2856 

Varnish, short- or long-oil, 
203d 

Vegetable parchment, 231d 
VeUum, 2316 
“ Velsicol 1068,’’ 312a 
Verdigris, 639a 
“ VeritoW^ 482c 
Vermilion, 636c 
“ Victane,"* 356d 
Violet, Modern, 151d 
Virage of indicators, 424c 
“ Vistanexr 3626, 397d 
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Vitamin - Bi pyrophosphoric 
ester, 1656 
Vitamin-B2, 163d 
Vitamin-£, 25a, 75a, 474c 
P-Vitamin, 20la 
Vitamins-^ and -D, 7d, 34c, 
356, 74c 

Vulcanised fibre, 232d 


W 

Walnut oil. 26d 
Water-softening with met-a- 
and poly-phosphates, 513a, 
514c 

“ Wax distillate,” 404a 
Wax esters, la, 6c, 36c 
Weak acid and strong base, 
421c 

Werner-Pfleiderer mill, 205a 
Whale blubber oil, 35c 

— liver oil, 35d 

— milk fat, 36a 

— oil, 66, 35a, 53c, 54c 

-, Antarctic, 366 

-, hydrogenated, 366, c 

Wheat-germ oil, 25a 
White, Aluminium, 643c 
—, Chinese, 027c 

— lead, 625d, 6266 

-, sublimed, 627a 

-, t<)xicity, 626d 

—, mineral, 6306 

—, Paris, 630c 
—, Pattinson’s, 6276 
Wiuting, 630c 
Willesden canvas, 233a 
Winter green, oil of, 288c 
Wool “ fat,” Wool grease, M^ool 
wax, 31a 


X 

” Xanthaline,” 113a 
Xanthorhaznnin, 300d 
m-Xylenol, 473c 
Xylenols, 4736 


Y 

Yellow, Antimony, 636c 
—, Cadmium, 630a 
—, Kings, or arsenic, 6366 
—, Naples, 6366 
Yellows, ferrite, 633c 


Z 

Zinn as pigment, 641d 

— sulphide, 628c 

— oxide, 627c 

Zirconituen peroxysulphate, 
293c 

Zoomaric acid, see J*-hexa- 
decenoic acid 
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